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Laying hen welfare is gaining importance in the United States and several states have 
passed legislation for a welfare-friendly housing environment, which has forced the egg industry 
to explore alternative housing environments. For this reason, our first objective was to determine 
the effect of housing environment and laying hen strain on production performance and egg 
quality. Results showed that production performance of the hens raised in the alternative housing 
system was similar to the conventional system. The second objective was to compare the 
eggshell and cloacal microbiology. Our results indicated that the microbial load observed was 
higher in the alternative system compared to the conventional system. The third objective was to 
determine the effects of housing environment and laying hen strain on tibia and femur bone 
properties. The results demonstrated that the alternative system provided better tibia and femur 
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Over the past few decades, the egg industry has undergone many changes and alterations 
such as improved production systems and enhanced performance traits in laying hens. These 
improved production systems and the development of new laying hen strains with enhanced 
performance have shown to result in the transition from the historic small scale egg industry to 
intensive, large scale commercialized production systems. Much progress was made during that 
period, including the development of conventional cages (CC) for better egg production and 
improved bird health. It is well documented that raising birds in CC resulted in a dramatic 
reduction in labor costs associated with increased automation, improved bird health, and reduced 
food safety concerns (Mench et al., 2011). Regardless of these benefits, CC were later criticized 
for compromising the welfare of laying hens (Brambell, 1965; Mench et al., 2011).  
In response to the ban of CC from the European Union (EU regulation, 1999), several 
alternative housing systems (barns, enriched colony cages, aviaries, or free-ranges) are becoming 
more prevalent in the United States. Due to increasing consumer awareness for the welfare of 
laying hens in the United States, a few states, including California, Oregon, Washington, 
Michigan, etc. have passed legislation for welfare-friendly housing environments (UEP, 2019). 
Furthermore, pledges from the major U.S. retailers and food manufacturing companies to 
purchase the cage-free eggs by 2025 and beyond have led the US egg industry to explore the 
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alternatives to conventional systems. This transition from traditional CC to alternative housing 
environments may impact the production performance as the housing environment is an external 
factor that influences the production and quality of eggs (Ahmadi and Rahimi, 2011; Mench et 
al., 2011). As a result, studies are also being conducted that examine the food safety aspect of 
eggs produced in both conventional and alternative systems. However, the findings have been 
varied. In addition to the housing environment, laying hens strain plays an important role in the 
egg industry. A few commercial laying hens strains such as Hy-Line W-36, Lohmann White, and 
Lohmann Brown are selected to perform superior in the CC (Singh et al., 2009). A shift in the 
housing environment of laying hens might alter the behavior of hens requiring different 
management and nutritional strategies. Limited information is available regarding the 
relationship between laying hen strain and alternative housing environment. Therefore, to 
understand bird performance, health, and food safety, further work needs to be conducted that 
looks into the management and productivity aspects of alternative housing environments 
involving different hen strains. 
1.2 Housing Environments 
1.2.1 Conventional Cages  
Conventional cages have been the predominant laying hen housing system for more than 
50 years in the United States, and currently, almost 80% of the hens are housed in CC (UEP, 
2019). Conventional cages are constructed from galvanized wire and stacked three to five tiers 
high. The modern CC system is equipped with nipple drinkers, automated feed lines, and 
conveyor belt for egg collection. The mesh floor is sloped, which allows the eggs to roll onto the 
conveyor (Big Dutchman, MI). The group size may vary among producers, yet the minimum 
space allowance in the CC should be 450-550 cm2 per bird (UEP, 2017). The CC was introduced 
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as a laying hen friendly system because it has shown a decrease in mortality due to several 
disease conditions such as parasitic infection, salmonellosis, colibacillosis, coccidiosis, etc. In 
the conventional system, there is maximum utilization of the space, which maximizes the profit 
for egg producers, but it also has a few negative impacts on the birds such as disuse-osteoporosis 
or cage layer fatigue. Later on, however, it was widely criticized for welfare issues such as lack 
of adequate space for movement, restriction of natural behaviors, reduced musculoskeletal 
health, and increased cannibalism (Appleby et al., 2002; Appleby, 2003; Hartcher and Jones, 
2017). Such welfare problems are thought to be overcome by other alternative systems such as 
enriched or cage-free systems.  
1.2.2 Enriched Colony Cages  
Enriched colony cages (EC), also called modified or furnished cages, were designed to 
overcome the negative impacts of CC regarding welfare issues by fulfilling the behavioral needs 
of hens (Weeks and Nicol, 2006) while maintaining egg production (Vits et al., 2005). Similarly, 
EC are made with galvanized wire and equipped with manure belts, automated feed lines, 
conveyors, and are stacked two to three tiers high. Unlike CC, EC are furnished with perches, 
nesting areas, scratch pads as well as dust baths, providing a larger allowance of space per bird. 
Hens can be raised in small groups ranging from 50-60 hens per EC, with a minimum space 
allowance of 750 cm2 per bird (UEP, 2017). Rearing hens in groups is thought to reduce 
aggression, allow them to express natural behaviors such as roosting, scratching, or nesting 
(Mench et al., 2011; Appleby et al., 2002), and have more freedom for movement. It has been 
reported that the EC provides improved physical condition (Appleby et al., 2002), more space for 
exercise (Cooper and Appleby, 1996; Weeks and Nicol, 2006), and increased bone health 
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(Hughes and Appleby, 1989; Tauson, 1998). Although the EC is equipped with all the necessities 
for welfare, it is still criticized for rearing birds because they are still in cages.  
1.2.3 Cage-Free  
1.2.3.1 Cage-Free Aviary 
Cage-free systems are the systems where birds are raised without captivity in a cage and 
have the freedom to move throughout a house. A cage-free aviary is a single-tier or multi-tier 
system, giving complete freedom for layers to move around the house. The aviary systems are 
equipped with perches and nest boxes at different levels, manure belts, and ramps (Big 
Dutchman, MI). Depending on the type of system (single-tier or multi-tier), a minimum of 1.0 – 
1.5 sq. ft. of usable floor space should be provided per bird to allow for normal natural 
behaviors. The floor space depends on the vertical space available to the birds (UEP, 2017). 
Aviary systems are also used in combination with the free-range systems to accommodate birds 
at night. Birds have access to the range through pop-holes or windows and can perform all 
natural activities (Miao et al., 2005). Although hens housed in the aviaries had higher bone-
breaking strength compared to the CC (Newman and Leeson, 1998, Fleming et al., 2006; Regmi 
et al., 2016), they also had higher incidences of keel bone fractures and deformities (Regmi et al., 
2016). The higher incidences of fractures in those systems might be due to the collisions with 
metal perches or other structures in that system (Wilkins, 2011; Regmi et al., 2016). 
1.2.3.2 Cage-Free Free-Range 
The cage-free free-range (CF) housing system has recently emerged as a welfare-friendly 
system which allows the birds to move freely inside the house with the provision of an outdoor 
range covered with vegetation. In this system, birds should get continuous exposure to the 
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outdoor range throughout the day time. The CF house floor should be covered with litter and 
equipped with nest boxes and perches (Miao et al., 2005). The birds are generally housed in a 
barn type or aviary type house which has access to the range via windows or pop holes. The 
stocking density depends on the availability of the perches (25 birds/m2) or litter coverage (7 
birds/m2 of available space; Miao et al., 2005). The CF system is supposed to have the highest 
welfare standards among other housing environments (Miao et al., 2005). Hens in the CF system 
have a superior skeletal system and can perform all kinds of natural behaviors (Hartcher and 
Jones, 2017). However, CF has been shown to be more labor-intensive and challenging to 
control when it comes to environmental conditions (Jones and Anderson, 2013). In the CF 
systems, eggs laid on the floor or range are difficult to control, which may also downgrade the 
quality of the eggs.  
1.3 Effect of Housing Environment and Laying Hen Strain on Production Performance 
1.3.1 Hen Day Egg Production 
Different housing environments affect the behavior and well-being of the hens, which 
influence production performance such as egg production, feed intake, and feed efficiency. In 
order to be practical, production performance must be investigated while considering the housing 
environment selected. Several studies have shown that the hen day egg production (HDEP) was 
higher from layers raised in the CC than the alternative housing systems such as aviary, litter, 
free-range or organic (Mostert et al., 1995; Tauson, 1999; Leyendecker et al., 2001; Van Den 
Brand et al., 2004; Singh et al., 2009; Küçükyilmaz et al., 2012). The lower egg production in the 
alternative system might be due to the loss of eggs laid on the floor or eaten by the birds. 
However, the results for the hen day egg production from their studies were contradictory to each 
other. Pohle and Cheng (2009) reported higher production in the EC in comparison to CC; 
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however, Yilmaz Dikmen et al. (2016) reported higher production in the CF system as compared 
to the CC and EC. It has also been reported that there has been no significant difference among 
housing systems (CC, EC, aviaries or free-range) on HDEP (Tactacan et al., 2009; Neijat et al., 
2011; Ahammed et al., 2014; Englmaierová et al., 2014). 
Regarding the laying hen strains, Tauson et al. (1999) observed higher egg production in 
Lohmann LSL compared to Lohmann Brown hens. However, change in housing environment 
didn’t affect egg production in white birds, while in brown birds, it was deteriorated. Singh et al. 
(2009) compared the egg production in four laying hen strains (commercial breeds: Lohmann 
White H&N White, Lohmann Brown, and a non-commercial cross between Rhode Island Red 
(male) and Barred Plymouth Rock (female)) and observed higher egg production in commercial 
breeds than in the crossbreeds. The performance difference was seen among the breeds for 
different housing systems where white hens performed superior in CC, whereas brown and 
crossed hens performed superior in floor pens. Mostert et al. 1995 also observed differences 
between strains for HDEP. The reason or any possible factors for this inconsistency in the results 
for HDEP among different housing environments and laying hen strains has not been previously 
discussed. 
1.3.2 Feed Intake and Feed Conversion Ratio 
Over the past few decades, selective breeding of laying hens has resulted in increased egg 
production, reduced feed intake (FI), as well as improved feed conversion rate (FCR). 
Additionally, housing environment has a considerable effect on FI and FCR. Similar to the 
HDEP, the housing environment altered results regarding FI and FCR, and the results were not 
consistent in previous studies. It is well documented that a lower FI (95-121 g/bird/day) was 
observed in the CC compared to alternative housings such as aviaries, barns, litter, or free-range 
 
7 
(105-137 g/bird/day; Tauson et al., 1999; Vits et al., 2005; Shimmura et al., 2010; Ahammed et 
al., 2013; Englmaierová et al., 2014; Küçükyılmaz et al., 2012, Yilmaz Dikmen et al., 2016). 
Englmaierová et al. (2014) observed lower FCR in CC (2.24 g of feed/g of egg) compared to the 
aviary (2.92 g of feed/g of egg). Although there was a significant difference in the FI, FCR (g of 
feed/g of egg) was not affected by housing environment (Ahammed et al., 2013; Singh et al., 
2009). However, Elson and Croxall, (2006) and Tactacan et al. (2009) observed that FI was 
reduced in EC (104-110 g/bird/day) as compared to CC (113.5-116.7 g/bird/day), and Neijat et 
al. (2011) reported that FI was higher in the CC relative to EC housing environment. The lower 
FI in the EC might be due to the availability of perches, which tend to increase the resting 
behavior; however, most of the other studies reported that the higher FI and FCR in the 
alternative housing environment might be due to the higher locomotor activities in that system 
(Ahammed et al., 2013; Englmaierová et al., 2014; Küçükyılmaz et al., 2012, Yilmaz Dikmen et 
al., 2016). Singh et al. (2009) reported that hen strain but not the housing environment influenced 
FI and FCR, where they observed higher FI in Lohmann Brown birds than in Lohmann White. 
Laying hen strain significantly affects the FI and FCR (g of feed/g of egg; Tauson et al., 1999; 
Aerni et al., 2005; Singh et al., 2009; Küçükyılmaz et al., 2012) where heavier hens (Lohman 
Brown, 416 Brown) eat more than the light birds (Lohmann LSL). The FCR ranges from 1.52– 
2.265 g of feed/g of egg in White breeds and 1.38 – 2.429 g of feed/g of egg in brown breeds. 
These studies mentioned that the difference in the FI and FCR might be due to the difference in 
egg production.  
1.4 Effect of Housing Environment and Laying Hen Strain on Egg Quality 
Egg quality plays a vital role in the determination of the profit in the egg industry. The 
production of eggs with good internal and external qualities is critical. Egg quality parameters 
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such as egg weight, eggshell thickness, and eggshell breaking strength are considered as a factor 
associated with broken or cracked eggs as well as the shelf life and food safety which influence 
the profit (De Reu et al., 2005). Egg quality has shown to differ between housing environment, 
hen strain, and age of birds and selection of hens for higher egg production may negatively affect 
egg quality parameters such as egg weight, eggshell weight, and eggshell thickness (Curtis et al., 
1986; Ahmadi and Rahimi, 2011). 
1.4.1 External Egg Quality 
External egg quality is evaluated on egg weight and eggshell quality parameters such as 
specific gravity, eggshell weight, eggshell thickness, and eggshell breaking strength. Eggshell 
quality is of prime importance in determining the profit of the commercial egg industry. In 
general, as the hens’ age progresses, egg size increases, meanwhile, eggshell thickness and 
eggshell percentage decreases (Van Den Brand et al., 2004; Zita et al., 2009). Specific gravity 
indirectly measures the amount of eggshell present in the egg relative to its size. Specific gravity 
estimates the eggshell weight, eggshell thickness, and potential for egg breakage while 
transporting or processing (Harms et al., 1990). Several studies observed a strong correlation 
between the egg weight, eggshell thickness, and eggshell breaking strength, where eggshell 
thickness and eggshell breaking strength, decrease as the egg weight increases (Curtis et al., 
1986; Harms et al. 1990; Rodriguez-Navarro et al., 2002; Zita et al., 2009).  
Several studies by Hughes et al. (1985), Tumová and Ebeid, (2005), Pištěková et al. 
(2006), Küçükyılmaz et al. (2012), and Englmaierová et al. (2014) observed heavier eggs in CF 
systems compared to the CC. Some other studies reported that there is no effect of housing 
environment on egg weight (Ledvinka et al., 2012; Ahammed et al., 2013). Englmaierová et al. 
(2014) mentioned that the higher egg production in the CC might be related to the egg weight. 
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Ahammed et al. (2013), and Englmaierová et al. (2014) reported that there was no difference in 
the eggshell thickness, but eggshell breaking strength was higher in the CC compared to 
alternative housing environment (aviary, EC, or litter). On the other hand, Ledvinka et al. (2012) 
observed a lower eggshell thickness in CC; however, eggshell breaking strength was observed 
higher in CC compared to the floor pen. These differences might be due to changes in the 
microstructure of the eggshell such as eggshell pore density, organization of palisade column and 
orientation as well as crystal size, which were affected by the housing environment (Ledvinka et 
al., 2012; Ketta and Tumova, 2016).  
Along with the housing environment, laying hen strain is another important factor 
influencing eggshell quality. Mostert et al. (1995) compared four laying hen strains and three 
housing environments (CC, floor, and free-range) and observed egg weight and eggshell 
thickness to be influenced by both of these factors. The variation due to the strain was much 
higher than that for the housing environment for both egg weight (50% vs. 5%) and eggshell 
thickness (5% vs. 1%). Previous studies observed heavier eggs in the brown birds than the white 
birds which might be due to the difference in the body weight between strains (Leyendecker et 
al., 2001a; Vits et al., 2005; Zita et al., 2009; Singh et al., 2009; Ledvinka et al., 2012). A higher 
eggshell thickness and eggshell breaking strength were observed in Lohmann LSL White than 
416 Brown (ATAK-S) Küçükyılmaz et al. (2012) and Leyendecker et al. (2001b). Similarly, 
Curtis et al. (1986) observed higher eggshell thickness, eggshell percentage, and shell density in 
white eggs compared to brown shell eggs and explained it was due to the difference in the egg 
weight. However, Zita et al. (2009) and Ledvinka et al. (2012) reported that higher eggshell 
thickness and eggshell breaking strength were found in brown birds due to the microstructural 
difference in those strains (ISA Brown, Hisex and Maravia). 
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1.4.2 Internal Egg Quality 
The larger portion of the egg interior is covered by the white part called albumen, and a 
small yellow portion called yolk. The internal quality of the egg is primarily determined by the 
albumen measured as Haugh Unit (Williams, 1992). When a fresh egg is broken onto a flat 
surface, the height of the albumen is measured and is correlated with egg weight to determine the 
Haugh unit. The higher the number, the better the quality of the egg (Williams, 1992).  
Egg quality is mostly determined by genetics (Silversides and Scott, 2001; Singh et al., 
2009; Küçükyılmaz et al., 2012) but is also dependent on the housing environment (Vits et al., 
2005; Singh et al., 2009; Ledvinka et al. 2012; Ahammed et al. 2013; Englmaierová et al., 2014) 
as well as the age of the laying hens (Silversides et al., 2006; Van Den Brand et al., 2010; 
Ledvinka et al., 2012). The Haugh unit was found to be higher in eggs from CC and EC systems 
compared to those from the floor, range, or aviary (Hidalgo et al., 2008; Singh et al., 2009; 
Ledvinka et al., 2012). They explained that the lower Haugh unit in the alternative system was 
due to the presence of a high level of ammonia. Among the strains, some researchers observed a 
higher Haugh unit in eggs from white birds (Silversides and Scott, 2001; Singh et al., 2009; 
Küçükyilmaz et al., 2012) whereas Englmaierová et al. (2014) observed a higher Haugh unit in 
brown eggs. Previous studies reported that as the hens age, albumen weight increases while the 
firmness decreases; this reduces the height, which eventually decreases the Haugh unit 
(Williams, 1992; Silversides and Scott, 2001).  
1.5 Effect of Housing Environment and Laying Hen Strain on Eggshell Microbiology 
Several studies have compared CC with alternative systems for production performance 
and egg quality. However, only a few studies have compared the effect of housing systems and 
laying hen strains on cloacal and eggshell microbial load when laying hens are reared in the same 
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environmental conditions and then transferred to an alternative housing system (Buhr et al., 
2009). Consumers’ demands are mainly oriented towards healthy eggs produced from hens 
housed in welfare-friendly systems without any food safety concerns (Ferrante et al., 2009). 
Bacterial loads on eggs from different housing systems play a crucial role in influencing food 
safety and shelf-life of eggs, but these trepidations have received very little attention. Petrak et 
al. (1999) observed that the eggshell contamination at the time of egg collection was directly 
correlated with the final egg product contamination; therefore, it is important to consider the 
eggshell microbial contamination to understand food safety issues.  
The level of eggshell contamination depends on the housing environment, which may 
originate from dust, soil, or feces. In previous findings, eggs collected from litter and aviary 
systems had higher Escherichia coli and Enterococci counts compared to the EC and CC (Singh 
et al., 2009; Englmaierová et al., 2014). Previous studies have shown that the eggs from aviary, 
litter, or free-range had higher aerobic, gram-negative, and coliform bacteria counts compared to 
CC (Buhr et al.,2009; De Reu et al., 2005; Singh et al., 2009; Holt et al., 2011; Jones and 
Anderson, 2013). Parisi et al. (2015) observed the higher prevalence of Campylobacter and 
Salmonella from the eggs collected from the free-range compared to the battery cages. Similarly, 
previous studies by De Reu et al. (2008), Zhao et al. (2013), and Jones et al. (2015) observed a 
relationship between the housing environment and eggshell bacterial contamination. A positive 
correlation (R= 0.66 and 0.77) between the concentration of bacteria present in the environment 
or air with the eggshell bacterial contamination was observed (De Reu et al., 2008). Buhr et al. 
(2009) observed differences between eggshell microbial loads for aerobic bacteria, where eggs 
from Hy-Line Brown had higher bacterial contamination than Hy-Line W-36. Similarly, Singh et 
al. (2009) observed differences in eggshell Escherichia coli contamination, where the brown 
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laying hen strain had higher contamination than the white laying hen strain. In addition, Jones 
and Anderson (2013) observed differences between the laying hen strain and eggshell aerobic 
bacterial load.  
1.6 Bone Properties 
Unlike other animals, the avian skeletal system provides a strong framework to support 
body mass as well as a reservoir of calcium for eggshell formation. Around 20-40% of the 
calcium requirement for eggshell formation is supplied from the skeletal system (Mueller et al., 
1964). Due to the rapid mobilization of calcium from bones for eggshell formation, skeletal 
health in laying hens is of great importance to the laying hen industry (Riczu et al., 2004; Kim et 
al., 2012; Regmi et al., 2015). Furthermore, bone quality is closely associated with egg 
production and egg quality, where a negative correlation has been observed among egg 
production, eggshell thickness, and bone strength (Bishop et al., 2000; Leyendecker et al. 2001). 
Due to the unique calcium metabolism in laying hens, monitoring skeletal health is important in 
different housing environments for optimum performance.  
Osteoporosis in laying hens is defined as the progressive loss of fully mineralized 
structural bones, thus increasing their fragility. It is most common in high-producing laying hens 
housed in cages due to restricted movement (Whitehead and Fleming, 2000). Modern-day laying 
hens were selectively bred for maximizing egg production, and some amount of calcium needed 
for the eggshell formation is reabsorbed from the bone, thus affecting bone integrity. Most of the 
laying hens in the United States are housed in CC and may be susceptible to osteoporosis during 
the laying period. Webster (2004) reported that osteoporosis developed in young laying hens 
with a high rate of production, especially when the medullary bones were still growing in 
volume. Osteoporosis are common in high producing caged layers due to improper calcium 
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metabolism and lack of exercise. It has been speculated that providing enough space for exercise 
may improve skeletal integrity by stimulating bone remodeling (Whitehead and Fleming, 2000; 
Webster, 2004; Leyendecker et al., 2005). Whitehead and Fleming (2000) have described disuse-
osteoporosis as a type of osteoporosis, which is caused due to lack of exercise. Therefore, raising 
laying hens in alternative housing environments that have provisions for adequate space to 
perform natural behaviors such as foraging, running, wing-flapping, and perching may improve 
the mechanical properties of the bones as well as decrease the incidence of disuse-osteoporosis.  
1.6.1 Bone Biology of the Laying Hens 
1.6.1.1 Types of Laying Hen Bones 
Unlike other mammals, a type of specialized bone, known as medullary bone, in addition 
to cortical bone and trabecular bone, is found in laying hens (Kim et al., 2012). Cortical bone is 
also known as a compact bone and is the compact outer structure of the bone. It is tightly packed 
and highly organized, which facilitates the bone’s primary function, which is to provide 
structural support to the body (Kim et al., 2012). The shaft (diaphysis) of the long bone is 
covered by a thick layer of cortical bone, whereas a thin layer of cortical bone covers the 
epiphyses of the long bone. Trabecular bone, also known as cancellous or spongy bone, is mainly 
found in the epiphysis of long bones. It is a lattice-shaped honeycomb structure that primarily 
serves to distribute mechanical load experienced by long bones as well as repairing damaged or 
broken bones. In addition to cortical bone and cancellous bone, a third type of the vascularized 
bone is found in the medullary cavity of the long bones known as a medullary bone. The 
formation of this bone only starts when hens reach sexual maturity or two weeks before the start 
of lay (Whitehead, 2004; Kim et al., 2012). Medullary bone is formed as a highly labile source of 
calcium for eggshell formation within the medullary cavity and is produced in response to the 
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hormonal changes that precede the onset of egg-laying (Beck and Hansen, 2004; Whitehead, 
2004).  
1.6.1.2 Bone Biology During the Growth Phase and Laying Phase 
Calcium metabolism in laying hens differs from other mammals because of the 
production of the calcified eggs. To some extent, calcium required for eggshell formation is 
derived from bones; therefore, bone turnover in laying hens is synchronized with the egg-laying 
cycle to meet the demand for eggshell formation (Kim et al., 2012; Regmi et al., 2015). Two 
skeletal growth phases have been identified for skeletal growth. The first phase occurs at an early 
age for calcification of skeletal bones for supporting structures, whereas the second phase is for 
the formation and mineralization of the medullary bone. 
 Skeletal development in avian species starts in ovo (Gilbert, 1997) and is fully developed 
during the rearing period (Whitehead, 2004). The endochondral ossification gradually replaces 
the cartilaginous template from the in ovo portion of the development in the growth phase of 
pullets (Whitehead, 2004). A thin bony collar is formed around the middle shaft of the cartilage 
through perichondral ossification, which prevents the widening of the cartilage template and 
permits the lengthwise growth in the early phase of maturation. Lengthwise growth occurs 
through endochondral ossification. Chondrocytes present at the end of the cartilage template 
(epiphyseal growth plate) change into proliferative chondrocytes and are arranged in columns. 
These chondrocytes further differentiate into the hypertrophic chondrocytes and later on undergo 
apoptosis and are resorbed (Whitehead, 2004). As the bone elongates, resorption of the cartilage 
results in the formation of the marrow spaces. With a combined action of the bone-resorbing 
cells, osteoclasts and bone-forming cells, osteoblasts, the resorption and remodeling occur, thus 
forming the lamellar trabecular bone in the marrow space. Bone widening occurs through 
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perichondrial ossification towards the end of the early growing phase, where osteoblasts form a 
network of bones with cavities and later on secretes the layer of compact lamellar bones. During 
the widening process, bone resorption occurs in the inner surface by osteoclast cells and bone 
formation in the outer surface by osteoblast cells. During the early stages of growth, bone 
modeling predominantly allows longitudinal and periosteal growth.  
 With the onset of the sexual maturity, a series of hormonal changes occur, resulting in the 
cessation of the cortical and trabecular bone formation (Beck and Hansen, 2004; Whitehead, 
2004). However, at this time point, bone growth is not yet complete. Prior to the first oviposition, 
the diameter of the long bone increases by about 20% to deposit the medullary bone (Hurwitz, 
1964). The surge of the estrogen in the blood level at sexual maturity changes the function of 
osteoblasts towards medullary bone formation rather than structural bone (Beck and Hansen 
2004, Whitehead, 2004; Kim et al., 2012). Medullary bone is a highly woven secondary bone 
structure and is deposited in the marrow cavities and on the trabecular surfaces (Whitehead, 
2004). With the start of lay, cortical and trabecular bone serve a structural function whereas 
medullary bone, which is highly vascularized and contains a higher mineral contents, acts as a 
labile source of calcium for eggshell formation (Taylor and Belanger, 1969). The osteoblastic 
and osteoclastic activity during different stages of eggshell formation facilitates the mobilization, 
resorption, and reabsorption of the calcium in the medullary bone. At the beginning of the 
eggshell formation, a large number of osteoblast and osteoclast cells are present, but osteoblasts 
are replaced by osteoclasts during the eggshell formation in medullary bone so that calcium can 
be mobilized (Taylor and Belanger, 1969). Bone mineralization to compensate for the loss of 
calcium takes place when there is no demand for calcium between each egg production cycle 
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(van de Velde et al., 1984). The formation and resorption of the medullary bone continue 
throughout the laying period. 
 Modern-day laying hens are selectively bred for maximizing egg production. Some 
amount of calcium needed for eggshell formation is reabsorbed from the medullary bone and, to 
some extent, from cortical bone. In laying hens, medullary bone formation occurs at the expense 
of the structural bone (Whitehead, 2004), resulting in the thinning of the cortical bone and loss of 
trabecular bone, making the hen prone to osteoporosis. It has been studied that providing enough 
space for exercise may improve skeletal integrity by stimulating bone remodeling. Increasing the 
load-bearing activities by hens, stimulates the formation of the structural bone, rather than 
inhibiting resorption (Webster, 2004; Whitehead and Fleming, 2000; Leyendecker et al., 2005).  
 The selection of laying hens for improved egg production may increase the burden on 
bones for additional calcium supplementation in the CC system due to improper calcium 
metabolism. In addition, previous studies stated that the housing environment affects the calcium 
metabolism in a positive way, improving the breaking strength and decreasing the loss of 
calcium from cortical bone. Therefore, it is essential to understand the effect of the housing 
environment and laying hen strain on bone properties of laying hens at different time points 
during the lay to understand the changes. 
1.6.1.3 Relation Between Egg Production, Eggshell Quality, and Bone Properties 
Laying hens, on average, deposit around 2-2.5 g of calcium for eggshell formation daily, 
out of which 25-40% of the calcium required is mobilized from the bone. Calcium mobilized for 
the formation of eggshell, corresponds to 4% of the total calcium in the body (Mueller et al., 
1964). The number of eggs produced by a hen is dependent on the dietary calcium and calcium 
output in the eggshell. When the dietary calcium is high, egg production takes place daily, and 
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when it is low, calcium reserves from the bone are used, and production gradually slows down 
(Gilbert, 1983). Calcium mobilization from the bone is positively correlated with eggshell 
weight. The heavier the eggshell, the more calcium that is mobilized from the bone (more from 
medullary than cortical bone; Mueller et al., 1964). A negative correlation was observed between 
eggshell qualities (eggshell breaking strength, eggshell weight, eggshell thickness) and bone 
properties (tibia breaking strength, ash percentage, bone weight; Hocking et al., 2003; Kim et al., 
2005). The higher the eggshell thickness and percentage, the higher the amount of calcium will 
be mobilized from the bone, eventually deteriorating the bone properties. Rennie et al. (1997) 
demonstrated that laying hens selected for higher egg production had a higher structural bone 
loss (cortical and trabecular) than that of non-selected laying hens. Similarly, Bishop et al. 
(2000) demonstrated that the bone properties are heritable, and selection of hens for enhanced 
production may adversely affect bone strength. Mobilization of calcium from the skeleton for 
eggshell production can have an adverse effect on bone strength due to loss of structural bone 
(Whitehead and Fleming, 2000; Whitehead, 2004).  
1.6.1.4 Assessment of Bone Properties 
There are several methods available to assess the bone status of laying hens. Bone 
properties can be assessed by measuring the bone ash (as a fraction of dry bone or bone ash 
percentage), bone mineral density, bone mineral content, and mechanical properties (bone-
breaking strength).  
 Bone ashing estimates the total mineral content of the bone when all organic matter is 
burned. The total mineral content of the bone is expressed as a bone ash percentage of the dry 
fat-free bone weight. Bone ash percentage is directly related to mineralization of the bone tissue 
(Kim et al., 2012) and it gives a prediction about the bone mineral density, bone mineral content 
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and bone-breaking strength with correlation coefficients of 0.77, 0.94, and 0.58 respectively 
(Hester et al., 2004). However, with this technique, it is not possible to distinguish between 
cortical, trabecular, and medullary bone types (Kim et al., 2012).  
 To analyze the bone mineral content and bone mineral density, digitized fluoroscopy 
(Fleming, 1994), dual-energy X-ray absorptiometry (DEXA; Hester et al., 2004), and peripheral 
quantitative computed tomography (pQCT; Korver et al., 2004) have been commonly used. The 
use of photons with varying energy levels allows DEXA to be utilized on bones surrounded by 
muscle tissues (Kim et al., 2012) and analyzed for bone mineral content and density as a two-
dimensional structure. However, pQCT can create a 3-D structure of bone, allowing separation 
of the cortical and trabecular bone. This technique allows the measurement of bone volume, 
cross-sectional area, and bone mineral density of cortical and trabecular bone. However, this 
technique is not able to distinguish between the trabecular and medullary bone in laying hens. 
X-ray microtomography is a relatively new technique used to analyze the bone properties 
and structure of all three types of bone. Although histological analyses provides unique 
information on bone remodeling, it has a limitation with respect to the analysis of the 
microarchitecture of the cortical, trabecular, and medullary bone. There are several advantages of 
using X-ray microtomography such as 3-D measurements of the trabecular bone 
microarchitecture, a larger area of interest can be measured compared to histology, and non-
destructive measurements of bone morphology (Bouxsein et al., 2010). X-ray microtomography 
can produce a series of 2-D images that can be later reconstructed to produce a 3-D image of the 
whole bone’s internal structure. It gives detailed and precise information on cortical, trabecular, 
and medullary bone as well as bone mineral density and density of all three structures (Landis 
and Keane, 2010).  
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 The imaging techniques mentioned above give the structural details of the bones, whereas 
mechanical testing (breaking strength) of bone provides the most convincing pieces of evidence 
about the alteration in the bone structure due to applied treatment supporting the imaging 
techniques (Kim et al., 2012). Bone-breaking strength is measured using special equipment, 
which is required to impose loads of known magnitude at specific rates. Long bones are typically 
subjected to three or four-point bending, and a load is applied to the bone until it breaks.  
1.6.1.5 The Effect of Housing Environment and Laying Hen Strain on Bone Properties 
Conventional cages have been criticized for restricting the movement of laying hens 
resulting in skeletal disorder. Couch (1955) first reported cage layer fatigue, a severe form of 
osteoporosis in laying hens housed in CC characterized by the loss of structural bone, making 
them prone to fractures (Whitehead, 2004). Fleming et al. (1994) observed higher incidences of 
bone fracture in hens housed in CC which may be due to the lack of exercise, which is referred to 
as disuse osteoporosis (Whitehead and Fleming, 2000; Jendral et al., 2008). Leyendecker (2005) 
observed that providing adequate space and facilities to exercise reduced osteoporosis. Newman 
and Leeson (1998) observed that when caged brown layers were shifted to the aviary type 
housing environment, improved bone-breaking strength and bone ash were observed, suggesting 
that the provision of exercise improved bone properties.  
Extensive housing systems that have facilities for load-bearing activities like wing 
flapping, running and perching can alter bone properties. Rearing the hens either in cages or 
houses that have the provision of perches and enough space for exercise has shown to improve 
the bone-breaking strength of Lohmann Brown (Newman and Leeson, 1998; Leyendecker et al., 
2005; Sandilands et al., 2009; Yilmaz Dikmen et al., 2016). The provision of perches has been 
found to precede a decreased loss of the structural bone and increased the volume of trabecular 
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bone (Wilson et al., 1992; Silversides et al., 2012). Additionally, Silversides et al. (2012) 
observed the highest cortical and trabecular area in cross breed laying hens (Rhode Island Red 
males and Barred Plymouth Rock females) and Lohmann Brown is compared to the H&N and 
Lohmann White. Leyendecker et al. (2005) observed that raising hens in the furnished cages 
improved the humerus breaking strength but not the tibia breaking strength compared to CC. 
However, providing enough space for movement in an aviary system improved the humerus as 
well as tibia breaking strength compared to that of CC, suggesting the extent of the movement 
influenced the bone strength. The components of bone such as cortical bone, trabecular bone, 
and medullary bone, may attribute to structural integrity as well as mechanical properties. 
Fleming et al. (2006) observed a significantly higher proportion of mineralized bone mass in the 
tibias and humerus of the hens housed in an aviary system compared to cages. Also, there was a 
significant difference between the two laying hen genotypes selected for higher and lower 
breaking strength for bone densities, breaking strength, and cortical area. The availability of 
exercises such as perching, foraging, wing flapping, and running reduced bone resorption and 
increased the bone-breaking strength of laying hens (Vits et al., 2005; Fleming et al., 2006; 
Shipov et al., 2010; Regmi et al., 2017). Jendral et al. (2008) reported that the cortical and 
trabecular bone mineral densities were similar between housing environments (CC, modified 
cages, and furnished cages) for White Leghorns, suggesting that providing adequate space for 
locomotor activities could change the structural integrity thus improving the breaking strength of 
bone. The differences among the strains for cortical bone thickness and density were different for 
different housing environments (Aviary, CC and CF) as well as laying hen strains. However, 
bone ash percentage was not different among those housing environments (Fleming et al., 2006; 
Regmi et al., 2016). Additionally, Hocking et al. (2003) observed a significant variation in bone 
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properties (breaking strength, stiffness, cortical bone volume) between different traditional lines 
such as Araucana, Cornish Game, Light Sussex etc. and commercial lines. The effects of the 
housing environment and hen strain on bone properties are shown in Table 1.1. 
Bone properties of laying hens have often been studied in alternative housing 
environments but using only one laying hen strain and at a single particular point of time. Most 
of the previous literature measured the bone-breaking strength and bone ash percentage, and very 
few have analyzed all the internal structures (cortical, trabecular, and medullary bone). These 
studies may not be enough to describe the relationship between housing environment, egg 
production, and eggshell quality on bone properties. Therefore, our study aimed to evaluate the 
bone properties of two laying hen strains (Hy-Line Brown and Hy-Line W-36) housed in three 
different housing environments (CC, EC, and CF) at different time points during the lay and its 
relationship with egg production and eggshell qualities. 
1.7 Conclusion 
To summarize, there is limited information regarding the production performance in 
different housing environments in the U.S. Almost all of the studies regarding the housing 
environment have been conducted in Europe and very few have been done in the United States 
using aviaries as a cage-free system. The results regarding the production performance cannot 
serve as a baseline in the U.S. because of environmental and strain variation. 
Also, there is a scarcity of information regarding bone properties of laying hens in 
alternative housing environments. Bone properties are influenced by housing environment, 
laying hen strains, egg production, and eggshell quality. Previously, complete architectural 
structure of the bone in three housing environments such as CC, EC, and CF at different time 
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points has not been studied. The previous studies may not adequately describe the relationship 
between housing environment, egg production, and eggshell quality on bone properties.  
Therefore, in this study, two major commercial laying hen strains (Hy-Line Brown and 
Hy-Line W-36) were kept in the three housing environments namely conventional cage (CC), 
enriched colony cage (EC) and cage-free free-range (CF) in order to study the production 
performance, egg quality, eggshell and cloacal microbiology as well as tibia and femur bone 
properties. The objectives of the current study were:    
1. To determine the effects of housing environments and laying hen strains on production 
performance (Hen day egg production (HDEP), feed intake (FI), and feed conversion 
ratio (FCR) and egg quality parameters (internal and external).  
2. To compare the eggshell and cloacal microbial load among laying hen strains and 
housing environments. 
3. Analyze the effects of housing environments and laying hen strain on bone properties of 
the tibia and femur at different time points of lay. 
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Table 1.1 Effect of housing system and laying hen strain on bone properties 
Author Hen strain1 Age (wk) Treatment2  Bone Type Measured variable Results 
Newman and Leeson, 
(1998) 
- 71, 73 CC vs. AV Tibia Breaking strength (N) 193.4 vs. 257.1* 
        Tibia Ash (%) 56.8 vs. 57.7 




Tibia Breaking strength (N)  147.4 vs. 140.9 
        Humerus Breaking strength (N)  177.1 vs. 254.5* 
Fleming et al. (2006) LSL (H and L) 56 CC vs. AV Tibia H line cortical area 7.314 vs. 7.972*     
Tibia L line cortical area 6.487 vs. 6.953*     
Tibia H line breaking 
strength (N) 
361.5 vs. 492.2* 
    
Tibia L line breaking strength 
(N) 
217.2 vs. 269.7* 
    
Humerus H line breaking 
strength (N) 
239.9 vs. 308.1* 
        Humerus L line breaking strength 167.4 vs. 240.9* 
Leyendecker et al. 
(2005) 
LS 42, 54, and 
74 
CC vs. FC 
vs. AV 
Humerus Breaking strength (N) 104.5 vs. 129.6 vs. 
247.0 *  
        Tibia  Breaking strength (N) 116.7 vs. 121.6 vs. 
175.4* 
Jendral et al. (2008) SWL 65 CC vs. FC Tibia Total BMD (mg/cm3) 735.98 vs. 809.36*      
Cortical area (mm2) 19.41 vs. 21.72      
Trabecular area (mm2) 9.45 vs. 6.06      
Breaking strength (N) 21.96 vs. 27.66*     
Femur Total BMD (mg/cm3) 672.21 vs. 763.75*      
Cortical area (mm2) 22.87 vs. 29.37*      
Trabecular area (mm2) 11.5 vs. 6.6       
Breaking strength (N) 21.92 vs. 27.07*     
Humerus Total BMD (mg/cm3) 153.69 vs. 195.36* 
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Table 1.1 (continued) 
Author Hen strain1 Age (wk) Treatment2  Bone Type Measured variable Results 
Jendral et al. (2008) SWL 65 CC vs. FC Tibia Total BMD (mg/cm3) 735.98 vs. 809.36*      
Cortical area (mm2) 9.3 vs. 10.36*      
Trabecular area (mm2) 28.8 vs. 28.76 
          Breaking strength (N) 9.73 vs. 11.91* 
Shipov et al. (2010) HW 104 CC vs. FR Tibia Total BMD (mg/cm3) 956.6 vs. 929.5      
Cortical thickness 
(mm) 
0.85 vs. 0.72* 
     
Medullary area (mm2) 17.3 vs. 15.53*      
Trabecular bone 
volume (%) 
0.27 vs. 0.33* 
     
Breaking strength (N) 188.0 vs. 129.7*     
Humerus Cortical thickness 
(mm) 
0.55 vs. 0.73* 
          Medullary area (mm2) 25.4 vs. 20.9* 
Silversides et al. 
(2012) 
LB, LW, H&N, 
and CR 
50 CC vs. FP Tibia Ash (%) 39.8 vs. 44.3* 
     
Total BMD (mg/cm3) 542 vs. 613*      
Trabecular BMD 
(mg/cm3) 
161 vs. 168 
     
Trabecular area (mm2) 24.2 VS. 21.8*      
Cortical BMD 
(mg/cm3) 
953 vs. 1012* 
     
Cortical area (mm2) 23.3 vs. 25.7*      
Cortical mineral 
content (mg/cm) 
21.996 vs. 25.766* 
     
Total mineral content 
(mg/cm) 




Table 1.1 (continued) 
Author Hen strain1 Age (wk) Treatment2  Bone Type Measured variable Results 
Silversides et al. 
(2012) 
LB, LW, H&N, 
and CR 
50 CC vs. FP Tibia Ash (%) 39.8 vs. 44.3* 
      LB vs. LW 
vs. H&N vs. 
CR 
Tibia Ash (%) 65 vs. 64 vs. 63.6 
vs. 69* 
Regmi et al. (2016) HB, HSB, and 
BR 
78 CC vs. CF 
vs. R 
Tibia Ash (%) 57.59 vs. 58.92 vs. 
57.87 
      HB, HSB, 
and BR 
Tibia Ash (%) 56.54 vs. 57.84 vs. 
60.0* 
Yilmaz Dikmen et al. 
(2016) 
LB 66 CC vs. EC 
vs. FR 
Tibia Breaking strength 
(KgF) 
8.59 vs. 8.63 vs. 
12.23*      
Ash (%) 55.31 vs. 55.42 vs. 
56.40 
          Cortical area 1.26 vs. 1.33 vs. 
1.33 
Regmi et al. (2017) LW 18, 26, 56, 
and 72 
CC vs. EC 
vs. AV 
Tibia Cortical thickness 
(mm) 
0.68 vs. 0.71 vs. 
0.83*      
Cortical area (mm2) 11.74 vs. 12.11 vs. 
13.98*     
Humerus Cortical thickness 
(mm) 
0.53 vs. 0.57 vs. 
0.63* 
          Cortical area (mm2) 9.53 vs. 10.25 vs. 
12.07* 
*Values are statistically significant between the compared housing environments or hen strain 
1LSL: Lohmann Selected Leghorn (H: high bone strength; L: Low bone strength); LB: Lohmann Brown; LW: Lohmann White; SWL: 
Shaver White Leghorn; HW: Hy-Line W-99; H&N: H&N White; CR: Rhode Island Red × Barred Plymouth Rock cross hens 
HB: Hy-Line Brown; HSB: Hy-Line Silver Brown; BR: Barred Plymouth Rock 
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HOUSING ENVIRONMENT AND LAYING HEN STRAIN ALTER THE EGG 
PRODUCTION, EGG QUALITY AS WELL AS CLOACAL AND  
EGGSHELL MICROBIOLOGY IN LAYING HENS1 
2.1 Abstract 
This study was conducted to determine the effect of the housing environment (HE) and 
laying hen strain (HS) on production performance, egg quality, and microbiology of the cloaca 
and eggshell. A total of 1,152 laying hens Hy-Line Brown (HB) and Hy-Line W-36 white 
leghorn (HW) were randomly allocated into conventional cages (CC), enriched colony cages 
(EC), and cage-free free-range (CF) in a 3 × 2 factorial arrangement. The experiment was 
conducted when hens were 32 to 85 wk of age. The experiment was divided into two phases: 
early phase (32-51 wk of age) and late phase (52-85 wk of age). A three-way interaction was 
observed for hen day egg production (HDEP) among HE, HS, and bird age in the early phase (P 
= 0.0036) as well as in the late phase (P < 0.0001). In both of the phases, HDEP was higher in 
CC and CF than in EC. Hy-Line W-36 hens raised in EC had the lowest HDEP compared to 
other treatments. A three-way interaction was observed for feed intake (FI: P = 0.0171) and feed 
conversion ratio (FCR) in the late phase (P < 0.0001). The lowest FI and highest FCR were 
observed in EC by HW hens. Cage-free birds performed intermediately in egg quality when 
compared to CC and EC, and HB had better egg quality than HW. Among the HE, CF had higher 
 
1A part of this study was presented at Poultry Science Association annual meeting, 2019 held in Montreal, Quebec, 
Canada. This chapter will be submitted for publication in Poultry Science Journal. 
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cloacal bacterial counts for aerobes, anaerobes, and coliforms than CC and EC. Higher eggshell 
bacterial contamination was observed in eggs from CF than eggs from CC and EC. These results 
indicate that both HE and HS affect the production performances, egg quality as well as cloacal 
and eggshell microbiology. Further studies should be conducted to determine food safety and 
economic impact when using different HS before deciding on a HE to use.  
Key words:  Housing environment, Laying hen strain, Egg production, Egg quality, Eggshell 
and cloacal microbiology 
2.2 Introduction 
Over the past 60 years, the egg industry has changed from small to large scale, producing 
a greater number of eggs with increased integration from free-range or semi-intensive to 
intensive farming. During that period, several studies have been conducted regarding the housing 
environment, and those studies have explored several aspects of production performance, food 
safety, bird health, and management. Conventional cages (CC) have been extensively used in the 
United States laying hen industry since the 1960s, and research in the fields of genetics and 
breeding has led to the development of new hen strains that are capable of showing optimal 
performance in that environment (Brambell, 1965). Although there are benefits to CC such as a 
reduction in labor with greater automaton, improvement in bird health, and food safety, concerns 
have arisen for compromising the laying hen’s welfare for increased productivity (Brambell, 
1965; Mench et al., 2011).  
With increasing concerns regarding the welfare of the laying hens, European Union 
banned the use of the CC (EU regulation, 1999), which led to the development of alternative 
housing systems. Consumer emphasis on the welfare of the laying hens and eggs produced from 
hens housed in an environment-friendly production system has influenced the U.S. egg industry 
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to explore alternative housing environments. Currently, consumer demands are oriented towards 
healthy eggs that do not have any food safety concerns and coincide with the welfare standards 
of laying hens (Ferrante et al., 2009). The increasing demand for eggs from alternative housing 
environments may be due to the perception that healthy eggs are produced by hens raised in 
alternative housing environments with minimal stress (Miao et al., 2005). Previous findings 
indicated that many US consumers (78%) are concerned about the welfare of animals and are 
willing to pay more for animal products from welfare-friendly systems (Spain et al., 2018; Lusk, 
2019). In the United States, major retailers and food manufacturers have pledged to purchase 
only cage-free eggs by 2025 (UEP, 2017). In an effort to meet this demand, producers have 
started to modify conventional cage systems to comply with alternative housing environments. 
However, the shortcomings of alternative housing environments (such as intensive labor, 
working environments, bird health, and food safety) need to be investigated to understand their 
potential risks and benefits.   
Apart from that, different laying hen strains could behave differently in different 
management conditions in alternative housing environments, and there is now a demand to 
understand how alternative housing environments can be used to meet the maximum genetic 
potential of specific hen strain. Therefore, production performance indices (such as egg 
production, feed intake, feed conversion ratio, egg quality, and hens livability) need to be 
investigated before shifting to an alternative housing environment.  
In the US, more than 80% of table eggs are produced by birds housed in CC (UEP, 2017). 
Concurrently, the eggs from CC are considered superior in hygienic standards with less bacterial 
contamination (Jones and Anderson, 2013; Englmaierová et al., 2014). Due to the dynamic 
nature of the microbes, both housing environment and laying hen strain might have an influence 
 
35 
on the microbial growth on the eggshell (Holt et al., 2011), which is related to food safety in the 
egg industry. Previous studies shown that the eggs from alternative housing systems such as 
aviaries, litter, free-range or organic systems have more eggshell bacterial load than the CC 
(Buhr et al., 2009; De Reu et al., 2005; Singh et al., 2009; Holt et al., 2011; Englmaierová et al., 
2014; Jones et al., 2015a). Similarly, Jones and Anderson (2013) observed that eggshell 
microbial load was affected by laying hen strains in different housing environments. Apart from 
that, it has been proved that the eggshell bacterial contamination at the time of collection affects 
the final products (Petrak et al., 1999). Therefore, the bacterial load on eggshells from different 
housing environments for different laying hen strains needs to be compared. The objective of the 
present study was to evaluate the production performance, egg quality, and microbiological load 
of the cloaca and eggshell for two laying hen strains; Hy-Line Brown (HB) and Hy-Line W-36 
white leghorn (HW), housed in three housing environments (conventional cage (CC), enriched 
colony cage (EC) and cage-free free-range (CF)). 
2.3 Materials and Methods 
The experiment was conducted at the Poultry Research Unit at Mississippi State 
University (Mississippi State, Mississippi, U.S.A.). The experiment was approved by the 
Institutional Animal Care and Use Committee of Mississippi State University (IACUC# 17-554). 
2.3.1 Housing Environments 
Conventional cage, EC, and CF houses were located in the same Poultry Research Unit at 
Mississippi State University, where the CF system was located approximately 250 m from the 
CC and EC housing environments. Conventional cage and EC were installed in an open-sided 
house within the same layer house. The CC system was in a three-tier A-frame arrangement with 
manure shields, and the EC system was in a two-tier arrangement with manure belts under each 
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tier. Both CC and EC systems consisted of galvanized wire cages with a galvanized trough-type 
feeder. The feeder space in the CC was 15 cm/bird, whereas the feeder space in the EC was 22.5 
cm/bird. The CC system contained two nipple drinkers per cage, and the EC system contained 
eight nipple drinkers per cage. The floor space in CC was 772 cm2 /bird, whereas it was 1505 
cm2 /bird in the EC system. The EC system was also installed with a dark nesting area covered 
by non-transparent plastic curtains, perches running parallel to the cage, and a scratchpad.  
The CF system had an indoor and also an open outdoor area (range), and all birds had 
access to the range. The indoor area was equally divided into 12 pens, with each pen having an 
area of 5.57 m2. The outdoor range was also equally divided into 12 pens, with each pen having 
an area of 11.6 m2. The indoor and outdoor areas of the pen were secured with galvanized wire 
so that pens were separated from each other. The indoor area and outdoor range of a pen were 
connected via a window. The litter material for the indoor floor area was pine shavings. One 
circular plastic feeder with a feeder space of 3.5 cm/bird and three nipple drinkers were provided 
in the indoor area. Two wooden perches and a two-tier nest box (each tier containing five nest 
boxes) were fitted in the indoor area of each pen. A total of 1,742 cm2 of floor space/bird was 
provided in the indoor pen, and 3,484 cm2 of floor space/bird was provided in the range. No 
pasture was available in the outdoor range for consumption except for the natural vegetation. The 
windows were opened at least seven hours per day, giving access to the outdoor range 
throughout the experimental period (32 to 85 wk of age). 
2.3.2 Birds, Husbandry and Experimental Design 
A total of 1,152 laying hens of two strains (HB and HW at 30 wks of age) were placed in 
the CC, EC, or CF systems. Hens of both strains were reared until the age of 18 wk in floor pens 
and then moved to the conventional cages until allocated to the respective treatments. A total of 
 
37 
192 hens of each strain were kept in each treatment group: conventional cage and Hy-Line 
Brown (CCHB), conventional cage and Hy-Line W-36 leghorns (CCHW), enriched colony cage 
and Hy-Line Brown (ECHB), enriched colony cage and Hy-Line W-36 leghorns (ECHW), 
cage-free free-range and Hy-Line Brown (CFHB), and cage-free free-range and Hy-Line W-36 
leghorns (CFHW). For the CC, eight adjacent cages were considered as one replicate, and each 
cage had four birds. In the EC and CF, each pen was considered a replicate, and there were 32 
birds in each pen. Each treatment group (CCHB, CCHW, ECHB, ECHW, CFHB, and CFHW) 
consisted of six replicates, and each replicate was alternated between the brown and white hens 
when placed. The birds were allowed to acclimate to their environments for two wks. The trial 
began when the birds reached 32 wks of age (32 to 85 wk of age, from July 2018 to July 2019). 
At the beginning of the trial, birds were weighed and randomly allocated to treatment. The 
experimental design was completely randomized with a 3 × 2 factorial arrangements for three 
housing environments (CC, EC, and CF) and two laying hen strain (HB and HW) in a split-plot 
in time.  
Feed and water were provided ad libitum throughout the experimental period according 
to the Hy-Line management guidelines based on phase feeding (Hyline International, 2016). The 
feed formulations were different for HB and HW birds. The feed formulation and composition 
are shown in Table 2.1 and Table 2.2. In all the housing environments, birds were fed manually, 
and water was provided via the nipple drinkers. All housing environments follow the lighting 
regime of 16L:8D period, and the temperature was maintained at similar levels throughout the 
experimental period between housing environments.  
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2.3.3 Layer Performance and Egg Quality 
Egg production and mortality were recorded twice a day for each replicate pen from 32 to 
85 wks of age. Hen day egg production (HDEP) was calculated bimonthly from the total number 
of eggs laid in two weeks, divided by the hen days during that period. Body weight (BW) of the 
hens was recorded at the beginning of the trial (32 wk) and every six weeks from 52 wk 
onwards. For BW measurement, 25% of the hens in each system were weighed as a sample body 
weight. Feed intake (FI) and feed conversion ratio (FCR; kg feed per dozens of egg) were 
calculated by replicate pen at five different time points in the early phase (32-51 wks of age). In 
the late phase (52-85 wks of age), FI and FCR were calculated bimonthly. Hen day egg 
production, FI, and FCR were adjusted for the mortalities throughout the early and late phase 
experimental period and were calculated using the following formulas: 
HDEP =  Number of egg produced in a period / (number of live hens 
×  number of days in that period (2.1) 
 
Egg quality (external and internal) was analyzed every six weeks from the beginning of 
the trial (wk 32). A total of 216 eggs were collected randomly (six eggs from each replicate) to 
measure the egg quality parameters. External egg quality was determined by evaluating the 
specific gravity, eggshell breaking strength, eggshell thickness, and eggshell percentage. The 
specific gravity was measured by dipping the eggs in a predetermined saltwater solution with a 
specific gravity ranging from 1.060 to 1.100 (Peebles and McDaniel, 2004). Eggshell breaking 
strength was measured using the Instron Universal Testing Machine model 3345 (Instron Inc., 
FI (g/hen/day)
=  Feedconsumed (g) / (number of live hens 
×  number of days in that period 
(2.2) 
FCR (kg/dozen of eggs) =  Feed consumed (kg)/dozens of eegs produced (2.3) 
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Norwood, MA). For the eggshell breaking strength, six eggs per replicate were collected on each 
sampling day, and breaking strength analysis was carried out on the same day at room 
temperature. Eggshell breaking strength was performed using a constant crosshead speed of 20 
mm/min using a 100 N load cell and a 35 mm probe as a compression device (Clerici et al., 
2006). Once the egg was compressed with the probe, breaking strength in kilogram-force (KgF) 
was recorded using the Bluehill Software (Instron Inc., Norwood, MA). Total egg weight was 
measured in g and was then broken onto a flat surface. The eggshell was rinsed with tap water to 
remove the shell membrane and remnants of the albumen. Eggshells were dried for two days at 
room temperature, and eggshell weight was recorded (g). Eggshell percentage was calculated by 
dividing the eggshell weight by egg weight multiplied by 100. Eggshell thickness was measured 
without the shell membrane at three different areas of the shell (top, equator, and bottom) using 
the Ames micrometer (B. C. Ames Incorporated, MA) and an average score of the three points 
was calculated.  
For internal egg quality, Haugh unit, albumen percentage, and yolk percentage were 
measured. Samples for internal egg quality were collected on two consecutive days and 
performed on their respective days of collection. Once the egg was broken onto a flat surface, 
Haugh unit was measured using the TSS QCD apparatus (Technical Services and Supplies Ltd, 
York, England). After measuring the Haugh unit, the yolk was separated from the albumen, and 
yolk weight was measured (g). Albumen weight was calculated by subtracting the yolk weight 
and eggshell weight from egg weight. Albumen percentage and yolk percentage were calculated 
by dividing their absolute weight by the egg weight. 
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2.3.4 Cloacal and Eggshell Microbiology 
Total aerobic, anaerobic, and coliform bacterial counts were evaluated in cloacal and 
eggshell samples. Cloacal samples were collected every six weeks (8 collection days total) 
utilizing the same bird from each pen (36 pens total). Each cloacal swab sample was collected 
using a sterile cotton swab (Puritan Medical Products, ME), which was then aseptically placed 
into a sterile 15 mL empty tube (Fisher Scientific, NH) and kept on the ice until further 
processing. Ten mL of a sterile phosphate buffer saline (PBS, Fischer Scientific, Hampton, NH)) 
were added to each tube containing the cloacal swab and was vortexed for 30 seconds. The 
obtained solution was 10 fold serially diluted and kept refrigerated until spread onto the agar 
plates. For eggshell microbiology, one egg from each replicate pen (total 36 eggs) within each 
housing environment (CC, EC, and CF) was collected aseptically and placed into a sterile whirl-
pak bag (Nasco Whirl-Pak, Fort Atkinson, WI). Fifty mL of sterile PBS solution was added to 
each bag containing the egg and each egg sample was massaged for 30 seconds before diluting 
(Jones and Anderson, 2013). Each egg sample was 10 fold serially diluted prior to spreading 
onto the agar plates.  
For the cloacal and eggshell samples, 100 µl of the appropriate serial dilution was spread 
onto each respective agar plate in duplicate (3 dilutions plated in duplicate, 6 total plates per 
sample). Tryptic Soy agar (TSA, Millipore Sigma, St. Louis, MO) was utilized to obtain total 
aerobic and total anaerobic bacterial counts. Total coliforms were enumerated utilizing the Eosin 
Methylene Blue agar (EMB, Millipore Sigma, St. Louis, MO). Plates for total anaerobes were 
placed in anaerobic canisters (Advanced Instruments, Norwood, MA) and subjected to anaerobic 
conditions (0% O2, 10% CO2, 5% H2, 85% N2) using the Anoxomat® Mark II CTS (Advanced 
Instruments, Norwood, MA). The anaerobic plates were incubated at 37ºC for 48 h. The plates 
for total aerobes and total coliform were incubated aerobically at 37ºC for 24 h (VWR™ 
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International, 1535 incubator, Cornelius, OR, USA). After incubation, visible colonies were 
counted and reported as total aerobic, anaerobic, or coliform microorganisms. The counts were 
then log transformed prior to the analysis. 
2.3.5 Statistical Analysis 
Statistical analyses were performed using PROC GLM in SAS v. 9.4 (SAS Institute Inc., 
Cary, NC) for HDEP, FI, FCR, egg quality, HW, eggshell microbiology, and cloacal 
microbiology as a split-plot over time. Bacterial counts were log-transformed before analyzing 
the data. Plate counts with no growth were converted to zero after log-transformation. The 
number of cages or pens (the replicate of each housing environment) was considered as a random 
factor, and the age of the birds was considered as a hidden factor. Data were analyzed by phases: 
early phase (32-51 wk) and late phase (52-85 wk). A P-value ≤ 0.05 was considered significant 
for all analyses. Tukey HSD was used to separate the means among treatments.  
2.4 RESULTS 
The results for this study are divided into two phases: early phase (32-51 wks of age) and 
late phase (52-85 wks of age). These phases will be described separately.  
2.4.1 Early Phase (32-51 wks of age) 
2.4.1.1 Performance 
The effect of the housing environment, hen strain, and age of the birds on HDEP in the 
early phase of production are shown in Figure 2.1. At the beginning of the trial, there were no 
differences between body weights of hens among housing environments for both HB and HW 
birds (P = 0.8436; data not shown), but within each housing environment, HB had a higher body 
weight than the HW (P = 0.01). A three-way interaction between housing environment, hen 
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strain, and bird age were observed for the HDEP (P = 0.0036). Overall, HDEP was higher in the 
CC (93.72%) than CF (87.64%) and EC (86.86%). However, HDEP for CFHB and CFHW were 
lowest at the 32-33 and 34-35 wks of age but became similar to the CCHB, CCHW, and ECHB 
by wk 36-37. Hen day egg production for ECHW was lowest among all treatment groups from 
36-37 wks and until wk 51. In contrast, HDEP for the ECHB did not become lower than the 
other treatments until 46-47 wks of age.  
Two-way interaction was observed for FI among housing environments and bird age (P < 
0.0001: Table 2.3). Overall, the highest FI was observed in the CF birds (129.80 g) when 
compared to CC (124.75 g) and EC (124.42 g). Feed intake of the hens was lower in CF pens at 
38-40 wks of age when compared to the CC and EC pens; however, on wk 41-42, CC and CF 
pens had higher FI than the EC pens. In contrast, CF had higher FI than other housing 
environments from 43-44 wks onwards. Two-way interaction among hen strain and bird age (P 
= 0.0056) was also observed for FI. Overall, FI was higher in HB (130.45 g) than HW (122.38 
g). Feed intake was higher in the HB than the HW for all weeks except for wks 43-44, where FI 
was not significantly different among strains. Two-way interaction was observed for FCR among 
the housing environment and bird age (P < 0.0001). Overall, FCR was higher in CF (1.71 
kg/dozen of egg) and EC (1.71 kg/dozen of egg) compared to that of CC (1.61 kg/dozen of egg). 
Feed conversion ratio of hens raised in EC was higher at 38-40 wks of age compared to that of 
CC and CF; however, at 43-44 wks, EC and CF had higher FCR compared to CC. Feed 
conversion ratio was higher in CF compared to EC and CC from 43-44 wk onwards. The main 
effect of laying hen strain was observed for FCR (P = 0.0133) where HW (1.61 kg/dozen of egg) 
had lower FCR than HB (1.71 kg/dozen of egg). 
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2.4.1.2 Egg Quality 
The effect of housing environment, hen strain, and bird age on egg quality parameters in 
the early phase of production are shown in Table 2.4. Egg weight was highest in CC (62.84 g) 
and lowest in CF (61.56 g; P = 0.0179). Hy-Line brown had a higher egg weight (62.75 g) than 
HW (61.97 g; P = 0.0464). Egg weight was also affected by bird age (P < 0.0001), where egg 
weight increased as the hens aged.  
An interaction for specific gravity was observed between the housing environment and 
hen strain (P = 0.0313). The specific gravity was higher in both CC and EC compared to CF, and 
within each housing environment, HB had higher specific gravity than the HW. The main effect 
of bird age was observed for specific gravity (P < 0.0001), which increased as the age of the 
birds progressed. A three-way interaction was observed for the Haugh unit (P = 0.0343). Haugh 
unit was increased from wk 32 to wk 38 in all treatment groups with similar Haugh unit, but it 
decreased in ECHB, CFHB, and CFHW at 38 wk age whereas Haugh unit for CCHB, CCHW 
and ECHW remained constant. 
An interaction for albumen percentage was observed between the housing environment 
and bird age (P = 0.0004) and hen strain and bird age (P = 0.0044). Albumen percentage was 
lower in CF eggs at wk 32 than CC and EC. There was no difference between CC, EC, and CF 
eggs for albumen percentage at 38 and 45 wks of age. The albumen percentage was higher in the 
HB than HW at wk 45, but there was no difference at 32 and 38 wks of age. Similarly, an 
interaction was observed for yolk percentage among the housing environment and bird age (P = 
0.0004) and hen strain and bird age (P = 0.001). At wk 32, yolk percentage was higher in CF 
than CC and EC, but on wk 45, it became similar to CC and EC. There was no difference 
between HW and HB eggs for YP on wk 32, but it increased in HW eggs and decreased in HB 
eggs such that HW had the highest yolk percentage on wk 45.  
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A three-way interaction was observed between the housing environment, hen strain, and 
age of the birds (P = 0.0455) for eggshell thickness. At 32 wks of age, eggshell thickness was 
highest for CCHB and lowest for CFHW. Shell thickness increased in all treatment groups from 
32 to 38 wks of age, with CCHB having the highest and ECHW having the lowest and again on 
wk 45, CFHW had the lowest, and ECHB had the highest eggshell thickness. The main effect of 
housing environment (P = 0.0035), hen strain (P < 0.0001) and birds age (P < 0.0001) was 
observed for eggshell percentage. Shell percentage was higher in the CC (9.20%) and EC 
(9.21%) when compared to the CF (8.96%). Among the two laying hen strains, HB (9.32%) had 
higher eggshell percentage than HW (8.93%). Shell percentage was highest at wk 38 (9.48%) 
and lowest at wk 45 (8.65%). 
2.4.1.3 Cloacal and Eggshell Microbiology 
The effect of the housing environments, hen strain, and bird age on cloacal and eggshell 
microbiology during the early phase of production is shown in Table 2.5. An interaction between 
housing environments and bird age was observed for the total cloacal aerobes (P = 0.0058). The 
total aerobic bacterial count was higher in CF than CC and EC on wk 38 but was not 
significantly different from each other by 45 wks of age. The main effect of hen strain was 
observed for total cloacal aerobes (P = 0.0274) where HB (3.896 log CFU/mL) had higher 
bacterial counts than HW (2.840 log CFU/mL). The total cloacal anaerobic bacterial count was 
affected by housing environment and hen strain (P < 0.0001). The total anaerobic bacterial 
counts were higher in HB than HW in CC, but the opposite was detected for EC. An interaction 
among hen strain and bird age (P = 0.0394) was also observed for total cloacal anaerobic 
bacterial count. At 38 wks of age, the bacterial count for anaerobes was higher in HB than HW, 
but there were no differences at 45 wks of age. The total coliform bacteria count was affected by 
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the housing environment and bird age (P = 0.0004). The counts were higher for CF at 38 wks of 
age than for CC and EC, but there were no differences detected between environments at 45 wks 
of age. 
An interaction among the housing environment and hen strain was observed for the 
eggshell aerobic bacterial count (P = 0.0335). The bacterial counts were higher in CF when 
compared to CC and EC at both 38 and 45 wks of age. The main effect of housing environment 
(P < 0.0001) was observed for total eggshell anaerobic bacteria, and they were higher in CF 
(3.864 log CFU/mL) when compared to CC (1.497 log CFU/mL) and EC (0.990 log CFU/mL). 
The interaction between housing environment and hen strain (P = 0.0012) was observed for total 
eggshell coliform bacterial counts where the counts were higher in CF than EC and CC at 45 wks 
of age. 
2.4.2 Late Phase (52-85 wks of age) 
2.4.2.1 Performance 
The effect of the housing environment, hen strain, and age of the birds on HDEP is 
shown in Figure 2.2, and production performance such as FI and FCR are shown in Figure 2.3, 
Figure 2.4, and Table 2.6. Overall, higher body weight was observed for CC (2.09 kg) and EC 
(2.07 kg) compared to CF (2.00 kg) hens (P = 0.0003) and HB (2.29 kg) had higher body weight 
than HW (1.81 kg; P < 0.0001; data not shown). An interaction among the housing environment, 
hen strain, and birds age were observed for HDEP (P < 0.0001), FI (P = 0.0171) and FCR (P < 
0.0001). Overall, HDEP was higher in the CF (87.29%) than that of CC (85.53%) and EC 
(71.79%). Hen day egg production for the CF and CC are similar throughout the period; 
however, ECHB and ECHW had lower production consistently from the start of the late phase 
with higher production in ECHB than the ECHW.  
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Overall, there was no difference for FI between CC (124.41 g) and CF (123.31 g), but it 
was significantly low in the EC (112.03 g; P < 0.0001). Feed intake for the ECHW was lower 
than the rest of the treatments throughout the period whereas, FI for CCHB was higher for most 
of the weeks. At 62 – 63 wks of age, CFHW had higher FI compared to the other treatments. 
Feed intake for the CCHW, ECHB, CFHB, and CCHW was in-between the CCHB and ECHW 
for most of the weeks. Overall FCR was highest in the EC (1.81 kg/dozen of eggs) than the CC 
(1.74 kg/dozen of eggs) and CF (1.72 kg/dozen of eggs; P < 0.0006). The feed conversion ratio 
was higher in the ECHW for most of the weeks along with the ECHB, but from 66- 67 wks 
onwards, it decreased and became lower than both CCHB and CFHB. 
2.4.2.2 Egg Quality 
The effect of the housing environment, hen strain, and bird age for egg quality are shown 
in Table 2.7. An interaction between the housing environment and birds age (P = 0.0393) and 
hen strain and bird age (P = 0.0002) was observed for egg weight. Overall, egg weight was 
higher in CC (67.20 g) and EC (66.68 g) than CF (65.38 g), but there was no significant 
difference between HB (66.31 g) and HW (66.53 g). The egg weight was higher in CC than CF 
for most of the wks except for wk 72, where CC, EC, and CF had similar egg weight. Between 
the two strains, egg weight was similar for most of the weeks except for week 79, where HW had 
higher egg weight than HB.  
The specific gravity was only affected by the hen strain (P = 0.0373), where HB (1.085) 
had a higher specific gravity than HW (1.081). The main effect of housing environment (P = 
0.0364), as well as birds age (P < 0.0001), was observed for Haugh unit. Eggs from the CC 
(96.75) and EC (96.15) had a higher Haugh unit than the eggs from CF (95.15). Haugh unit 
increased as hens aged with the highest value at 85 wks of age (104.06) and lowest at 52 wks of 
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age (90.45). A significant interaction between the housing environment and bird age (P < 
0.0001) and hen strain and bird age (P = 0.0082) was observed for the albumen percentage. At 
52 wks of age, albumen percentage was higher in the CF than the CC and EC, but on wk 59, it 
decreased and became the lowest. Among the two strains, HB had a higher albumen percentage 
than the HW for all weeks except for 65 wks of age.  
There was an interaction of the housing environment and bird age (P = 0.0006) on yolk 
percentage, where higher yolk percentage was observed at 59 wks of age in CF compared to CC 
and EC. However, for the rest of the weeks, yolk percentage was similar in all housing 
environments. The main effect of laying hen strain was also observed for yolk percentage (P < 
0.0001), where HW had higher yolk percentage (26.99%) compared to HB (25.50%).  
An interaction between the housing environment and bird age was observed for eggshell 
percentage (P = 0.0009). Eggshell percentage was similar for almost all week except for wk 85, 
where eggs from CF had higher eggshell percentage than those from EC. The main effect of the 
laying hen strain (P < 0.0001) was also observed where eggs laid by HB had higher eggshell 
percentage (9.38%) than those from HW (8.77%).  
An interaction between the housing environment and hen strain (P = 0.006), housing 
environment, and bird age (P < 0.0001), as well as hen strain and bird age (P = 0.0297), was 
observed for the eggshell thickness. Cage-free HB (0.391 mm) hens had the highest eggshell 
thickness when compared to HB hens in EC (0.385 mm) and CC (0.384 mm). However, for HW 
hens, eggshell thickness was higher in CC (0.376 mm) when compared to EC (0.371 mm) and 
CF (0.368 mm). At 52 wks of age, eggshell thickness was higher in the CC than the CF, but at 65 
wks of age, both CF and EC had higher eggshell thickness than the CC. The eggshell thickness 
decreased continuously from 72 wk to 85 wks of age, with all housing environments having a 
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similar eggshell thickness. Eggshell thickness was higher in HB hens on 65, 79, and 85 wks of 
age compared to the HW hens. A negative correlation was found between egg weight and 
eggshell thickness (P = 0.0006, R = -0.232; Table 1.1).  
The main effect of the housing environment, hen strain, and age of the birds (all P < 
0.0001) was observed for eggshell breaking strength. Eggshell breaking strength was higher in 
eggs from CC (3.28 KgF) than those from CF (3.15 KgF) and EC (2.99 KgF). Among the strain, 
HB hens (3.27 KgF) had higher eggshell breaking strength compared to HW (3.00 KgF). 
Eggshell breaking strength decreased as the hens aged. A negative correlation was observed 
between egg weight and eggshell breaking strength (P < 0.0001, R = -0.298) and a positive 
correlation between eggshell thickness and eggshell breaking strength (P < 0.0001, R = 0.590; 
Table 1.1). 
2.4.2.3 Cloacal and Eggshell Microbiology 
The effect of the housing environment, hen strain, and bird age on cloacal and eggshell 
microbiology in the late phase of production are shown in Table 2.9. An interaction between the 
housing environment and bird age was observed for the total cloacal aerobic bacteria (P = 
0.0002). Overall the highest bacterial count was observed in CF (4.408 log CFU/mL) when 
compared to EC (3.036 log CFU/mL) and CC (2.306 log CFU/mL). At the beginning of the late 
phase until 65 wks of age, the bacterial counts were higher in CF than in EC and CC. There was 
no difference in the aerobic bacterial count between CF and EC at 72 and 79 wks of age but were 
still higher than CC. The bacterial count for aerobes was similar among the housing 
environments at 85 wks of age. 
The significant main effect of housing environment (P= 0.003), hen strain (P = 0.0205), 
and birds age (P < 0.0001) was observed for total cloacal anaerobic bacterial counts. The 
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bacterial count was higher in CF (4.622 log CFU/mL) compared to CC (3.756 log CFU/mL) and 
EC (3.527 log CFU/mL). Among the strain, HB (4.214 log CFU/mL) had higher bacterial counts 
when compared to HW (3.731 log CFU/mL), and the highest count was observed at 79 wks of 
age (5.531 log CFU/mL).  
There was an interaction between the housing environment and birds age (P = 0.0003) on 
total cloacal coliform bacterial counts. Overall the bacterial counts were higher in CF (2.949 log 
CFU/mL) compared to CC (0.891 log CFU/mL) and EC (0.597 log CFU/mL). The bacterial 
counts were similar between the houses at 52 wks of age but as hens aged, the count increased in 
the CF. The coliform counts were higher in CF and EC than CC at 72 wk, but on wk 79, it was 
similar in all three housing environments. The coliform count increased at 85 wk after which it 
became higher in CF than in CC and EC. 
An interaction among the housing environment and bird age (P = 0.0282) was observed 
for total aerobic bacterial counts on the eggshell. Overall the aerobic bacterial load was higher in 
CF (5.079 log CFU/mL) compared to CC (2.518 log CFU/mL) and EC (2.102 log CFU/mL). The 
bacterial counts were higher in the CF environment than CC and EC, except for 85 wks of age 
where the counts were similar between all three housing environments. For the eggshell 
anaerobic bacterial counts, an interaction between the housing environment and birds age was 
significant (P = 0.0002). Overall the bacterial load was higher in CF (3.912 log CFU/mL) 
followed by CC (2.847 log CFU/mL) and EC (1.143 log CFU/mL). The anaerobic bacterial 
counts were always lower for the EC. Total anaerobic bacterial counts for CF were higher at wk 
52, 72, and 79 than for CC. Interaction among the housing environment and bird age (P < 
0.0002) was observed for total eggshell coliform bacterial counts. Similar with the other results, 
it was also higher in CF (2.949 log CFU/mL) than CC (0.891 log CFU/mL) and EC (0.597 log 
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CFU/mL). The coliform count was similar between all three housing environment at wks 52 and 
59 wks and was higher in CF compared to CC and EC from 65 wks onwards. Laying hen strain 
did not have any effect of eggshell bacterial counts for aerobes, anaerobes, or coliforms (P > 
0.05). 
2.5 Discussion 
Due to the pledge by the United States retailers and major food manufacturers for 
purchasing cage-free eggs by 2025, egg producers are looking for alternative housing 
environments to raise laying hens. Cage-free housing environments are one of the possible 
alternatives to raising laying hens. Before changing the housing environment, variables such as 
production performance, egg quality, and food safety need to be investigated and compared with 
other available environments (i.e., CC and EC for different hen strains).  
2.5.1 Performance 
Previous studies have reported that the HDEP was similar between CC, EC and cage-free 
systems (Tactacan et al., 2009; Neijat et al., 2011; Ahammed et al., 2014; Englmaierová et al., 
2014), whereas others reported higher HDEP in CC than in EC, cage-free, or free-range systems 
(Tauson et al., 1999). Yilmaz Dikmen et al., 2016 reported that the HDEP was higher in CF than 
EC, whereas in our study CF and CC had higher production than EC. 
Lower egg production in the CF system at the beginning of this study may be due to 
stress while shifting the birds from one environment to the other and also due to the fact that 
hens were not completely adapted to the new environment, which affected the overall egg 
production. Between the strains, HB had similar HDEP compared to HW in the CC and CF 
system; however, there was a huge difference in egg production among strains in EC. Vits et al. 
(2005) and Küçükyilmaz et al. (2012) reported that the laying hen genotype, not the housing 
 
51 
environment affects egg production. On the other hand, Tauson et al. (1999) reported that both 
the laying hen genotype as well as the housing environment had an effect on HDEP. The similar 
HDEP in HB and HW hens in CC and CF may be due to intense genetic selection for maximum 
egg production (Singh et al., 2009). However, the difference in the EC may be due to the 
hyperactive nature of the HW birds leading to the injury and stress, thus decreasing egg 
production. The limited space in the EC system does not allow the birds to move freely, and they 
may collide with the perches or wires and injure themselves (Blatchford et al., 2016; Regmi et 
al., 2016). Blatchford et al. (2016) observed higher keel bone injuries in the AV and EC systems 
than in the CC and Regmi et al. (2016) observed similar keel bone injuries in range and CC 
systems.  
Overall, FI was higher in the CF compared to CC and EC in the early phase but was not 
persistent in the late phase, where FI was similar between CC and CF. In this study, the lowest FI 
was observed in the EC when compared to CC and CF which is similar to the previous studies 
(Elson and Croxall, 2006; Neijat et al., 2011), however, a study by Pohle and Cheng, 2009 stated 
higher FI in the EC cages and lower in the CC. The lower FI in EC may be due to the perches. 
Utilization of the perches in this environment increases the roosting behavior thus decreasing the 
motor activities (Tauson, 1998; Matsui et al., 2004) and by increasing the resting time. Another 
cause of lower FI in EC may be due to a high stocking density (Appleby and Hughes. 1991). 
Enriched colony cages had greater feeder space than the CC and CF systems, which may have 
contributed to non-aggressive and non-competitive feeding behavior (Thogerson et al., 2009), 
and may have contributed to lower FI as well as feed waste. Also, an increase in FI for the CF 
system may be due to the higher motor activities such as foraging, wing flapping, or jumping to 
the perches, whereas CC birds may spend more time eating due to fewer motor activities and 
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lower feeder space. Besides, higher FI in the CC might be due to the lower stocking density 
which allowed easier access to the feed (Jalal et al., 2006). Higher FI was observed in the HB 
hens compared to the HW in both phases of production which might be due to differences in 
body weight and egg production (Lacin et al., 2008). In addition, Harms et al. (1982) observed a 
linear relationship between body weight and FI, where FI increased as body weight increases. 
In the early phase of production, FCR was higher in EC and CF compared to CC; 
however, in the late phase of production, CC and CF had lower FCR than EC. The FI and egg 
production in the EC was decreased when compared to other treatments, which may be due to 
stress. This decrease in FI and egg production are major factors modulating the FCR. Previous 
researchers have found that FCR was influenced by the housing environment, where caged birds 
performed better than the aviary and free-range environments (Hughes and McCorquodale, 1985; 
Vits et al., 2005; Yilmaz Dikmen et al., 2016). As previously stated, this may be due to increased 
motor activity, wing flapping, foraging activities as well as roosting behavior in the CF system. 
In addition, CF hens may have to use some energy towards heat production in adverse climatic 
conditions requiring high FI thereby affecting FCR. Although FI was the same in the CC and EC 
in the early phase of production, egg production was significantly lower in EC affecting FCR. 
However, lower egg production and higher FI was observed in CF compared to the CC, which 
may be the reason for differences in FCR during the early phase among treatments. Hy-Line 
White hens had lower FCR compared to HB in an early phase of production, which is similar to 
the previous finding by Singh et al. (2009), who observed the differences between Lohmann 
White, Lohmann Brown, H&N White and a non-commercial cross. In the late phase of 
production, there was no significant difference among the hen strains however, HB had 
numerically higher FCR compared to HW. The differences in FCR among the laying hen strains 
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might be due to the difference in the FI among the laying hen strains (Lacin et al., 2008). In all of 
the housing environment in our study, FI and FCR were higher in both of the laying strain 
compared to the breeder recommendation (Hyline International, 2016). In our study, the reason 
for higher FI and FCR compared to breeder recommendation might be due to the body weight. 
Harms et al. (1982) reported that for each 100g increase in body weight, birds may consume 6.5-
6.8 g of feed per day. In our study, average body weight of both HW and HB hens were higher 
(100- 300g) compared to the guidelines in both phases, which might have increased the feed 
intake.  Besides, feed was provided ad libitum to the birds and the houses used for the trial were 
not environmentally controlled, which may have affected the feed consumption.  
2.5.2 Egg Quality 
In both phases, the egg weight was higher in CC than CF, which increased as the bird’s 
age regardless of strain. The results of this study are similar with previous studies where CC had 
higher egg weight than the CF (Englmaierová et al., 2014), whereas Hughes et al. (1985), 
Tumová and Ebeid, (2005), and Pištěková et al. (2006) recorded higher egg weight in a CF litter 
system. Tumová and Ebeid (2005) and Tůmová et al. (2007) reported that the time of oviposition 
affects the egg weight where eggs laid in the morning were heavier than those laid in the 
afternoon as egg mass declined with oviposition time. In our study, egg laying pattern was 
different in different housing environments where CC and EC laid more eggs early in the 
morning, whereas CF laid late in the morning. Also, HB had higher egg weight than the HW in 
the early phase of production, but the significant difference in egg weight disappeared in the later 
phase. The heavier egg in the CCHB may be correlated with the higher hen body weight in the 
HB strain.  
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In the early and late phases of production, albumen percentage was higher in the HB 
when compared to HW, whereas yolk percentage was found higher in HW when compared to 
HB. The previous study by Leyendecker et al. (2001) observed the difference in albumen 
percentage and yolk percentage between white and brown hens. In both strains, albumen weight 
was a major factor determining the egg weight.   
In the present study, external egg quality parameters such as specific gravity, eggshell 
percentage, eggshell thickness, and eggshell breaking strength were affected by the hen strain 
and housing environment during the late phase of production. Specific gravity, eggshell 
thickness, eggshell percentage, and eggshell breaking strength were improved in the HB when 
compared to HW. Previous studies have shown that between the strains, HB had higher calcium 
intake due to higher FI, thus increasing the rate of calcium deposition leading to better eggshell 
parameters (Taylor and Martin, 1928; Lichovníková and Zeman, 2008). Similar influences on 
external egg quality were observed for housing environment. Although eggshell thickness and 
eggshell percentage were similar between the EC and CF, eggshell breaking strength was higher 
in the CF than the EC. Ledvinka et al. (2012) reported that the housing environment affects the 
microstructure of the eggshell for higher eggshell breaking strength. Also, Solomon (2010) 
reported that the stress of hens has a negative impact on eggshell thickness and eggshell breaking 
strength. In our case, despite having the same eggshell thickness between CF and EC, CF had 
higher eggshell breaking strength. Previous findings by Lichovníková and Zeman, 2008 reported 
that the hens reared in the cages had higher eggshell thickness and eggshell breaking strength, 
whereas Van Den Brand et al. (2004) reported that the free-range birds had higher eggshell 
thickness and eggshell breaking strength. Regardless of the housing environment and hen strain, 
eggshell breaking strength decreased with the age of the birds. Rodriguez-Navarro et al. (2002) 
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reported that the microstructural crystal orientation changes with hens age, thus negatively 
affecting the eggshell breaking strength. The negative correlation was found between egg weight 
and eggshell breaking strength, and such relation might have been due to a decrease in eggshell 
thickness, eggshell percentage, calcium deposition or change in shell ultrastructure (Roland et 
al., 1975; Rodriguez-Navarro et al., 2002). Zita et al., (2009) reported that eggshell quality 
indices were affected by the genotype of the hens and observed a negative correlation between 
the egg weight and shell quality parameters such as eggshell percentage (R = -0.4; P < 0.0001) 
and eggshell breaking strength (R = -1; P < 0.05). 
In the current study, a higher Haugh unit was observed in the CC and EC than the CF. 
These results were in accordance with those of Hidalgo et al. (2008), Singh et al., (2009), and 
Ledvinka et al. (2012). The higher Haugh unit from the caged birds may be due to the eggs 
experiencing less exposure to ammonia than CF due to the litter (Benton and Brake, 2000; 
Robert, 2004). Among laying hen strains, there was no significant difference for HU, which was 
contrary to the previous research studies by Silversides and Scott (2001), Singh et al. (2009), and 
Küçükyilmaz et al. (2012). They observed a higher Haugh unit in the white egg layers than the 
brown. Also, Haugh unit increased with bird age regardless of the housing environments or hen 
strain, and the result is similar to Zita et al. (2009). However, previous studies by Doyon et al. 
(1986), Singh et al. (2009), and Ledvinka et al. (2012) observed that the Haugh unit decreased as 
the age progressed. Williams (1992) reported that albumen quality decreases with increasing age, 
thus decreasing the Haugh unit, but in the present study, we did not observe that trend.  
2.5.3 Cloacal and Eggshell Microbiology 
When considering the housing environment, the total cloacal bacterial count for aerobes 
and coliforms were higher in the CF than CC and EC in both phases of production. However, 
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total anaerobic bacterial count was similar between the CF and CC and was higher than the EC. 
The reason behind higher aerobic bacteria in the CF housing environment maybe because the 
birds in the CF were allowed in the range. The birds in the CF may consume the soil, forages, or 
litter, which changed the cloacal microflora. Previous studies by Zhao et al. (2013) and Jones and 
Anderson (2013) found that the environmental bacterial load in the CC and EC is lower than the 
CF (Aviary) which may alter the hen microflora. Among the hen strain, HB had higher aerobic 
counts than the HW in the early phase of the production and anaerobic count in the late phase of 
production. The difference in the strains may be due to foraging behavior. In our study, a larger 
number of the HB breed were seen on the range than the HW.  
Similar results were observed for the eggshell bacterial count. The bacterial count was 
mainly affected by the housing environment and not by the strains. The highest total aerobic, 
anaerobic, and coliform eggshell bacterial count was observed in the CF. Several previous 
studies on alternative housing environments observed that the CF had higher eggshell bacterial 
load than CC and EC (Buhr et al.,2009; Singh et al., 2009; Holt et al., 2011; Englmaierová et al., 
2014). Higher eggshell bacterial contamination in CF may be due to the exposure of the eggs on 
the litter containing bird excreta. A positive correlation between the bacterial concentration in the 
air and eggshell contamination was observed (De Reu et al., 2005). Previous studies have 
observed higher microbial load in the air of CF than CC and EC, which may have increased the 
eggshell microbial load (De Reu et al., 2008; Jones et al., 2015b). 
2.6 Conclusion 
Both the housing environment and laying hen strain had effects on production 
performance, egg quality indices, and cloacal and eggshell microbiology. Hens housed in the CC 
and CF had higher HDEP and lower FCR than hens housed in the EC. However, most of the 
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measured egg quality parameters for CF were in between CC and EC housing environment. Hy-
Line Brown hens outperformed HW in both production performance (HDEP) and egg quality 
indices. On the other hand, there was higher eggshell bacterial contamination in the CF than CC 
and EC. It can be concluded that the laying hen strain should be considered while deciding on a 
housing environment to use. Our findings challenge us to further investigate food safety and 
economic benefits, which are the main factors that need to be considered while deciding on a hen 
housing environment. 
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Table 2.1 Diet composition and nutrient content of Hy-Line W-36 
Diets 30-37 Wk 38-48 Wk 49-62 Wk 63-76 Wk 77-85 Wk 
Ingredients      
Corn 50.02 61.20 57.00 57.00 56.00 
Soybean meal 27.00 20.49 21.79 21.79 20.00 
Limestone 10.40 10.40 10.39 11.06 12.85 
DDGS 3.00 3.00 5.00 5.00 4.50 
Poultry fat 2.50 2.50 3.25 2.84 3.50 
Dicalcium phosphate 1.72 1.72 1.71 1.44 2.20 
NaCl 0.30 0.30 0.30 0.30 0.40 
Vitamin mineral premix1 0.26 0.26 0.26 0.26 0.25 
DL-Methionine 0.12 0.12 0.23 0.23 0.10 
L-Lysine 0.02 0.02 0.09 0.09 0.09 
 
Calculated composition  
    
ME (Kcal/kg) 2,840.00 2,840.00 2822.00 2800.00 2778.00 
Total protein (%) 16.00 15.50 15.25 15.00 14.75 
Total Calcium (%) 4.10 4.30 4.40 4.60 4.75 
Calcium particle size 
(fine:coarse) 
50% : 50% 45% : 55% 40% : 60% 35% : 65% 35% : 65% 
Available P (mg/day) 485.00 470.00 450.00 400.00 380.00 
dLys (mg/day) 805.00 750.00 710.00 695.00 680.00 
dMet (mg/day) 394.00 368.00 348.00 334.00 326.00 
dCys (mg/day) 282.00 262.00 248.00 236.00 232.00 
1Contains minimum of : Manganese, 4%; zinc, 4%; Iron, 2%; copper, 4,500ppm; iodine, 
600ppm; selenium, 60ppm; vit. A, 1,400,000 IU/lb; vit. D3, 500,000 ICU/lb; vit.E, 3,000IU/lb; 
vit. B1, 2mg/lb; menadione, 150mg/lb; riboflavin, 1,200mg/lb, D-pantothenic acid, 1,200mg/lb; 
niacin, 5,000mg/lb; choline, 70,000 mg/lb; folic acid, 125mg/lb; pyridoxine, 250 mg/lb; 




Table 2.2 Diet composition and nutrient content of Hy-Line Brown 
Diets 30-37 Wk 38-48 Wk 49-62 Wk 63-76 Wk 77-85 Wk 
Ingredients      
Corn 56.79 61.20 57.00 57.00 56.00 
Soybean meal 23.00 20.49 22.78 21.79 20.00 
Limestone 9.71 10.40 10.21 11.80 12.85 
DDGS 2.31 3.00 5.00 5.00 4.50 
Poultry fat 5.00 2.50 2.60 3.10 3.90 
Dicalcium phosphate 1.80 1.72 1.54 1.44 2.20 
NaCl 0.30 0.30 0.30 0.30 0.40 
Vitamin mineral premix1 0.26 0.26 0.26 0.26 0.25 
DL-Methionine 0.20 0.12 0.23 0.23 0.10 
L-Lysine 0.20 0.02 0.09 0.09 0.09 
 
Calculated composition  
    
ME (Kcal/kg) 2970.00 2925.00 2925.00 2830.00 2830.00 
Total protein (%) 16.00 15.80 15.10 14.60 14.20 
Total Calcium (%) 4.00 4.20 4.35 4.50 4.75 
Calcium particle size 
(fine:coarse) 
50% : 50% 45% : 55% 40% : 60% 35% : 65% 35% : 65% 
Available P (mg/day) 435.00 400.00 360.00 345.00 330.00 
dLys (mg/day) 820.00 800.00 780.00 760.00 740.00 
dMet (mg/day) 419.00 399.00 380.00 361.00 343.00 
dCys (mg/day) 300.00 285.00 275.00 260.00 250.00 
1Contains minimum of : Manganese, 4%; zinc, 4%; Iron, 2%; copper, 4,500ppm; iodine, 
600ppm; selenium, 60ppm; vit. A, 1,400,000 IU/lb; vit. D3, 500,000 ICU/lb; vit.E, 3,000IU/lb; 
vit. B1, 2mg/lb; menadione, 150mg/lb; riboflavin, 1,200mg/lb, D-pantothenic acid, 1,200mg/lb; 
niacin, 5,000mg/lb; choline, 70,000 mg/lb; folic acid, 125mg/lb; pyridoxine, 250 mg/lb; 




Table 2.3 Effect of Housing environment, hen strain and age of the birds on feed intake (FI) 
and feed conversion ratio (FCR) in early phase of production (32-51 wks of age)
Treatments FI                 FCR 
Environment   
CC 124.75b 1.61b 
EC 124.42b 1.71a 
CF 129.80a 1.71a 
SEM 1.234 0.012 
Strain  
HB 130.45a 1.71a 
HW 122.38b 1.64b 
SEM 1.007 0.016 
Age of the birds  
38-40 wk 123.20b 1.62cd 
41-42wk 130.96a 1.70b 
43-44 wk 118.42c 1.59d 
45-49 wk 127.24ab 1.68bc 
50-51 wk 130.49a 1.78a 
SEM 1.154 0.018 
Environment × Strain  
CC × HB 130.24 1.68a 
CC × HW 119.08 1.55b 
EC × HB 128.26 1.71a 
EC × HW 120.98 1.71a 
CF × HB 132.56 1.75a 
CF × HW 127.03 1.68a 
SEM 1.746 0.028 
Environment × Age of birds  
CC × 38-40 wk 126.25b-e 1.62cde 
CC × 41-42 wk 123.92c-f 1.60cde 
CC × 43-44 wk 114.86f 1.50e 
CC × 45-49 wk 126.53b-e 1.61cde 
CC × 50-51 wk 131.37bc 1.74abc 
EC × 38-40 wk 130.11bcd 1.70abc 
EC × 41-42 wk 134.21b 1.75abc 
EC × 43-44 wk 112.13f 1.59cde 
EC × 45-49 wk 121.07def 1.69bc 
EC × 50-51 wk 117.40ef 1.77ab 
CF × 38-40 wk 113.24f 1.53de 
CF × 41-42 wk 134.74b 1.76abc 
CF × 43-44 wk 124.31c-f 1.67bcd 
CF × 45-49 wk 134.11b 1.76abc 
CF × 50-51 wk 145.14a 1.85a 
SEM 2.024 0.031 
 
61 
Table 2.3 (continued) 
a-hvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line 
Brown, HW: Hy-Line W-36 
 
 
Treatments                  FI FCR 
Strain × Age of birds 
HB × 38-40 wk 127.18bcd 1.66 
HB × 41-42 wk 137.18a 1.75 
HB × 43-44 wk 118.37e 1.59 
HB × 45-49 wk 132.08abc 1.74 
HB × 50-51 wk 134.29ab 1.80 
HW × 38-40 wk 119.21e 1.56 
HW × 41-42 wk 124.74de 1.65 
HW × 43-44 wk 118.47e 1.59 
HW × 45-49 wk 122.39de 1.63 
HW × 50-51 wk 126.69cd 1.76 
SEM 1.6321 0.03 
P-value   
Housing Environment 0.0006 0.0013 
Strain 0.0029 0.4123 
Age of the birds <0.0001 <0.0001 
Environment × Strain <0.0001 <0.0001 
Environment × Age of birds             <0.0001           <0.0001 
Strain × Age of birds               0.0057             0.0173 
Environment × Strain × Age of birds               0.4672             0.0183 
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Table 2.4 Effect of Housing environment, hen strain and age of the birds on measured egg quality parameters in early phase of 
production (32-51 wks of age) 
Treatments EW SG HU AP YP SW SP ST 
Environment         
CC 62.84a 1.084a 88.99a 65.43 25.36 5.77a 9.20a 39.25a 
EF 62.69ab 1.083b 88.06a 65.37 25.41 5.76a 9.21a 38.91a 
CF 61.56b 1.080c 85.64b 65.26 25.54 5.48b 8.96b 37.98b 
SEM   0.327 0.0004 0.647 0.213 0.167 0.042 0.054 0.177 
Strain  
HB 62.75a 1.085a 87.69 65.62a 24.89b 5.82a 9.32a 39.61a 
HW 61.97b 1.080b 87.40 65.08b 25.99a 5.51b 8.93b 37.82b 
SEM   0.267 0.000   0.528 0.174 0.137 0.035 0.044 0.144 
Age of the birds  
32 wk 59.60c 1.079b 78.99b 64.82b 25.69a 5.49c 9.24b 37.25b 
38 wk 61.72b 1.084a 92.56a 65.79a 24.74b 5.84a 9.48a 39.53a 
45 wk 65.76a 1.084a 91.15a 65.46ab 25.89a 5.68b 8.65c 39.36a 
SEM   0.295 0.0004   0.499   0.202 0.122 0.033 0.057   0.218 
Environment × Strain  
CC × HB 63.29 1.086a 90.30 66.01 24.60 5.93a 9.38 40.05 
CC × HW 62.39 1.082bc 87.69 64.85 26.12 5.61c 9.02 38.45 
EC × HB 62.90 1.085ab 87.67 65.59 25.04 5.87ab 9.36 39.68 
EC × HW 62.49 1.081c 88.44 65.15 25.79 5.65bc 9.05 38.13 
CF × HB 62.07 1.083b 85.11 65.26 25.02 5.67abc 9.21 39.10 
CF × HW 61.04 1.077d 86.17 65.26 26.07 5.29d 8.71 36.87 
SEM   0.462 0.001   0.914   0.300   0.237 0.060 0.076   0.250 
Environment × Age of birds  
CC × 32 wk 60.27 1.082 80.11c 65.54a 25.32b-e 5.51 9.14 38.37ab 
CC × 38 wk 62.24 1.086 92.13a 65.46a 24.89de 6.00 9.65 39.97a 
CC × 45 wk 66.01 1.085 94.74a 65.30a 25.87abc 5.81 8.82 39.42a 




Table 2.4 (continued) 
Treatments EW SG HU AP YP SW SP ST 
Environment × Age of birds         
EC × 38 wk 61.84 1.085 92.85a 65.54a 24.94c-e 5.88 9.53 39.35a 
EC × 45 wk 65.78 1.085 91.12ab 65.25a 26.02ab 5.73 8.70 39.85a 
CF × 32 wk 58.08 1.077 76.65c 63.59b 26.47a 5.30 9.20 35.86c 
CF × 38 wk 61.10 1.083 92.69a 66.37a 24.38e 5.64 9.26 39.28a 
CF × 45 wk 65.49 1.081 87.58b 65.83a 25.78a-d 5.50 8.42 38.80ab 
SEM   0.510 0.001   0.864   0.349   0.211 0.057 0.100   0.378 
Strain × Age of birds  
HB × 32 wk 60.31 1.082 79.59 64.56b 25.47bc 5.69 9.48 38.39 
HB × 38 wk 61.94 1.087 93.11 66.13a 24.21d 5.98 9.66 40.37 
HB × 45 wk 66.01 1.086 90.38 66.18a 24.99c 5.81 8.81 40.07 
HW × 32 wk 58.89 1.076 78.38 65.07ab 25.92b 5.30 9.01 36.11 
HW × 38 wk 61.51 1.082 92.00 65.45ab 25.26bc 5.70 9.29 38.69 
HW × 45 wk 65.51 1.081 91.92 64.74b 26.79a 5.55 8.48 38.64 
SEM   0.420 0.001   0.710   0.285   0.172 0.046 0.081   0.309 
Environment × Strain × Age of 
birds 
 
CC × HB × 32 wk 61.10 1.083 83.53de 65.86 24.81 5.69 9.33 39.31a-e 
CC × HB × 38 wk 62.94 1.088 93.06abc 66.03 24.13 6.19 9.84 41.04a 
CC × HB × 45 wk 65.83 1.087 94.32a 66.15 24.86 5.90 8.98 39.81a-d 
CC × HW × 32 wk 59.44 1.080 76.69f 65.22 25.82 5.32 8.95 37.42de 
CC × HW × 38 wk 61.53 1.084 91.20abc 64.89 25.66 5.80 9.45 38.90a-e 
CC × HW × 45 wk 66.19 1.083 95.17a 64.44 26.87 5.72 8.66 39.03a-e 
EC × HB × 32 wk 61.07 1.080 79.42ef 65.33 25.12 5.82 9.55 38.17b-e 
EC × HB × 38 wk 61.78 1.087 94.08ab 65.71 24.55 6.01 9.74 40.54ab 
EC × HB × 45 wk 65.85 1.087 89.52a-d 65.74 25.46 5.79 8.80 40.35abc 
EC × HW × 32 wk 59.85 1.076 80.97ef 65.31 25.45 5.53 9.24 36.88e 
EC × HW × 38 wk 61.90 1.082 91.62abc 65.37 25.32 5.76 9.31 38.17b-e 
EC × HW × 45 wk 65.71 1.084 92.72abc 64.76 26.58 5.66 8.61 39.34a-e 
CF × HB × 32 wk 58.78 1.082 75.83f 62.49 26.47 5.54 9.56 37.68cde 
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Table 2.4 (continued) 
Treatments EW SG HU AP YP SW SP ST 
Environment × Strain × Age of 
birds 
   
 
    
CF × HB × 38 wk 61.10 1.084 92.21abc 66.65 23.94 5.74 9.41 39.55a-e 
CF × HB × 38 wk 61.10 1.084 92.21abc 66.65 23.94 5.74 9.41 39.55a-e 
CF × HB × 45 wk 66.35 1.084 87.29cd 66.64 24.64 5.73 8.66 40.06a-d 
CF × HW × 32 wk 57.39 1.072 77.47ef 64.68 26.48 5.06 8.84 34.04f 
CF × HW × 38 wk 61.10 1.081 93.17abc 66.08 24.81 5.54 9.10 39.02a-e 
CF × HW × 45 wk 64.63 1.078 87.87bcd 65.01 26.91 5.26 8.18 37.55de 
P-value  
Housing Environment 0.0179 <0.0001 0.0029 0.8463 0.7355 <0.0001 0.0035 <0.0001 
Strain 0.0464 <0.0001 0.7278 0.0369 <0.0001 <0.0001 <0.0001 <0.0001 
Age of the birds <0.0001 <0.0001 <0.0001 0.0042 <0.0001 <0.0001 <0.0001 <0.0001 
Environment × Strain 0.7774 0.0313 0.1003 0.1665 0.2757 0.1304 0.4369 0.3387 
Environment × Age of birds 0.2886 0.2819 0.0009 0.0004 0.0004 0.3584 0.1145 0.0433 
Strain × Age of birds 0.4203 0.5073 0.0937 0.0044 0.001 0.2933 0.6889 0.3753 
Environment × Strain × Age of 
birds 
0.5417 0.0713 0.0343 0.1986 0.4431 0.2689 0.6994 0.0455 
a-fvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
EW: egg weight, SG: Specific gravity, HU: Haugh unit, AP: Albumen percentage, YP: Yolk percentage, SW: Eggshell weight, SP; 
Eggshell percentage, ST: Eggshell thickness  
 
65 
Table 2.5 Effect of Housing environment, hen strain and age of the birds on eggshell and cloacal microbiology (log CFU/mL ) in 
early phase of production (32-51 wks of age) 
Treatments Aerobes Cloaca Aerobes Egg Anaerobes Cloaca Anaerobes Egg Coliform Cloaca Coliforms Egg 
Environment       
CC 2.450b 1.554b 3.914a 1.497b 0.874ab 0.000b 
EC 2.969b 1.453b 2.792b 0.990b 0.339b 0.000b 
CF 4.683a 4.904a 4.394a 3.864a 1.533a 1.289a 
SEM 0.394 0.332 0.212 0.408 0.271 0.269 
Strain 
HB 3.896a 2.401 3.884 1.898 1.152 0.369 
HW 2.840b 2.873 3.49 2.336 0.678 0.490 
SEM 0.322 0.271 0.173 0.333 0.221 0.220 
Age of the birds 
38 wk 2.821b 2.423 2.899b 2.136 1.498a 0.096b 
45 wk 3.915a 2.852 4.459a 2.098 0.332b 0.763a 
SEM 0.210 0.279 0.311 0.228 0.214 0.162 
Environment × Strain 
CC × HB 3.485 0.588b 5.118a 0.736 1.459 0.000 
CC × HW 1.417 2.521b 2.709c 2.258 0.288 0.000 
EC × HB 3.583 1.721b 2.198c 1.254 0.677 0.000 
EC × HW 2.356 1.185b 3.386bc 0.726 0.000 0.000 
CF × HB 4.620 4.896a 4.336ab 3.704 1.320 1.106 
CF × HW 4.748 4.914a 4.458ab 4.023 1.746 1.471 
SEM 0.557 0.469 0.300 0.577 0.383 0.380 
Environment × Age of birds 
CC × 38 wk 1.640d 0.949 2.834 1.589 1.154b 0.000b 
CC × 45 wk 3.262bc 2.159 4.994 1.405 0.593b 0.000b 
EC × 38 wk 1.960cd 1.417 1.987 0.892 0.275b 0.000b 
EC × 45 wk 3.979ab 1.489 3.597 1.088 0.402b 0.000b 
CF × 38 wk 4.863a 4.902 3.965 3.927 3.066a 0.287b 
CF × 45 wk 4.504ab 4.907 4.788 3.800 0.000b 2.290a 
SEM 0.363 0.483 0.539 0.394 0.37 0.281 
Strain × Age of birds 
HB × 38 wk 3.485 2.146 3.601ab 1.961 1.833 0.000 
HB × 45 wk 4.306 2.657 4.167a 1.836 0.472 0.737 
HW × 38 wk 2.157 2.700 2.156b 2.311 1.164 0.191 
HW × 45 wk 3.524 3.046 4.751a 2.360 0.192 0.789 
SEM 0.297 0.394 0.44 0.322 0.302 0.23 
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Table 2.5 (continued) 
Treatments Aerobes Cloaca Aerobes Egg Anaerobes Cloaca Anaerobes Egg Coliform Cloaca Coliforms Egg 
Environment × Strain × Age of birds 
CC × HB × 38 wk 3.279 0.000 4.909 0.860 2.308 0.000 
CC × HB × 45 wk 3.690 1.175 5.327 0.611 0.610 0.000 
CC × HW × 38 wk 0.000 1.899 0.758 2.318 0.000 0.000 
CC × HW × 45 wk 2.835 3.144 4.661 2.199 0.576 0.000 
EC × HB × 38 wk 2.312 1.606 2.103 1.186 0.550 0.000 
EC × HB × 45 wk 4.854 1.836 2.293 1.323 0.804 0.000 
EC × HW × 38 wk 1.607 1.228 1.871 0.597 0.000 0.000 
EC × HW × 45 wk 3.105 1.141 4.900 0.854 0.000 0.000 
CF × HB × 38 wk 4.863 4.831 3.79 3.836 2.640 0.000 
CF × HB × 45 wk 4.376 4.961 4.881 3.573 0.000 2.212 
CF × HW × 38 wk 4.863 4.973 4.175 4.019 3.492 0.574 
CF × HW × 45 wk 4.632 4.854 4.694 4.027 0.000 2.368 
SEM 0.514 0.683 0.763 0.558 0.523 0.398 
P-value 
Housing Environment 0.001 <0.0001 <0.0001 <0.0001 0.0147 0.0021 
Strain 0.0274 0.2278 0.1368 0.3606 0.1401 0.6977 
Age of the birds 0.0009 0.2856 0.0018 0.9063 0.0006 0.0068 
Environment × Strain 0.1564 0.0335 <0.0001 0.2196 0.1199 0.8582 
Environment × Age of birds 0.0058 0.3859 0.4726 0.8736 0.0004 0.0012 
Strain × Age of birds 0.3649 0.8356 0.0394 0.7890 0.5246 0.7640 
Environment × Strain × Age of birds 0.0701 0.9775 0.1559 0.9943 0.0979 0.9125 
a-dvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36
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Table 2.6 Effect of Housing environment, hen strain and age of the birds on hen day egg 
production (HDEP), feed intake (FI) and feed conversion ratio (FCR) in late phase 
of production (52-85 wks of age) 
Treatments HDEP FI FCR 
Environment    
CC 85.53a 124.57a 1.75b 
EC 71.79b 111.29b 1.87a 
CF 87.29a 123.49a 1.72b 
SEM 0.965 1.398 0.027 
Strain 
 
HB 83.17a 123.03a 1.78 
HW 79.90b 116.45b 1.77 
SEM 0.788 1.141 0.022 
Age of the birds 
 
52 - 53 wk 87.64a 121.96bc 1.55f 
54 - 55 wk 86.92ab 122.25bc 1.70e 
56 - 57 wk 86.23abc 124.70abc 1.76cde 
58 - 59 wk 86.19abc 122.87bc 1.72de 
60 - 61wk 85.11a-d 123.33bc 1.74cde 
62 - 63 wk 84.84a-d 130.13a 1.84abc 
64 - 65 wk 84.26bcd 127.04ab 1.82a-d 
66 - 67 wk 83.43cd 122.57bc 1.77cde 
68 - 69 wk 83.03de 125.03abc 1.82a-d 
70 - 71 wk 82.99de 115.74de 1.82a-d 
72 - 73 wk 80.27ef 124.91abc 1.88ab 
74 - 75 wk 80.26ef 125.46abc 1.89a 
76 - 77 wk 78.82fg 120.43cd 1.85abc 
78 - 79 wk 78.86fg 112.10e 1.72de 
80 - 81 wk 75.82gh 111.34e 1.78b-e 
82 - 83 wk 72.97h 105.37f 1.76cde 
84 - 85 wk 68.51i 101.18f 1.81a-d 
SEM 0.626 1.148 0.022 
P-value 0.626 1.148 0.022 
Housing Environment <0.0001 <0.0001 0.0012 
Strain 0.0064 0.0003 0.7271 
Age of the birds <0.0001 <0.0001 <0.0001 
Environment × Strain 0.0023 0.1583 0.0026 
Environment × Age of birds 0.2128 <0.0001 <0.0001 
Strain × Age of birds 0.6116 0.0377 0.3434 
Environment × Strain × Age of birds <0.0001 0.0225 <0.0001 
a-hvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line 
Brown, HW: Hy-Line W-36 
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Table 2.7 Effect of housing environment, hen strain and age of the birds on measured egg quality parameters in late phase of 
production (52-85 wks of age) 
Treatments EW SG HU AP YP SP ST EBS 
Environment         
CC 67.20a 1.0819 96.75a 64.82 26.15 9.06 38.00 3.28a 
EC 66.68a 1.0833 96.15ab 64.72 26.29 9.05 37.79 2.99c 
CF 65.38b 1.0835 95.15b 64.63 26.30 9.10 37.97 3.15b 




HB 66.31 1.085a 95.88 65.15a 25.50b 9.38a 38.67a 3.27a 
HW 66.53 1.081b 96.15 64.30b 26.99a 8.77b 37.16b 3.00b 
SEM 0.221 0.0001 0.343 0.103 0.093 0.033 0.119 0.029 
Age of the birds 
 
  
52 wk 62.45c 1.085 90.45c 65.03a 25.49c 9.57a 39.94a 3.55a 
59 wk 66.35b 1.083 91.90c 64.83a 26.07b 9.22b 38.29c 3.22b 
65 wk 67.36ab 1.080 96.50b 64.55a 26.33ab 9.11b 39.15ab 3.27b 
72 wk 67.50ab 1.084 96.14b 64.57a 26.29ab 9.16b 38.77bc 3.19b 
79 wk 68.00a 1.084 97.04b 64.44a 26.73a 8.84c 36.87d 2.86c 
85 wk 66.86ab 1.081 104.06a 64.94a 26.57a 8.53d 34.50e 2.73c 
SEM 0.299 0.002 0.558 0.143 0.120 0.056 0.194 0.042 
Environment × Strain 
   
 
    
CC × HB 67.18 1.082 96.26 65.40 25.31 9.30 38.4ab 3.42 
CC × HW 67.21 1.082 97.24 64.25 26.99 8.81 37.59bc 3.14 
EC × HB 66.63 1.086 96.18 64.98 25.71 9.37 38.51a 3.07 
EC × HW 66.74 1.081 96.12 64.46 26.87 8.74 37.07c 2.90 
CF × HB 65.13 1.086 95.21 65.07 25.49 9.46 39.10a 3.32 
CF × HW 65.63 1.081 95.08 64.19 27.10 8.75 36.84c 2.97 
SEM 0.382 0.002 0.593 0.179 0.162 0.058 0.206 0.051 
Environment × Age of birds 
   
 
    
CC × 52 wk 63.16fg 1.085 91.18 64.89abc 25.59ef 9.56ab 40.69a 3.70 
CC × 59 wk 67.42a-e 1.083 92.41 65.35ab 25.75c-f 9.04c-f 38.26c-f 3.37 
CC × 65 wk 68.02a-d 1.071 96.30 64.65abc 26.19a-e 9.15b-f 38.34c-f 3.39 
CC × 72 wk 68.04abc 1.085 96.54 64.58abc 26.18a-e 9.26b-e 38.84bcd 3.35 
CC × 79 wk 69.05a 1.085 97.82 64.50abc 26.71a-d 8.80efg 36.81ef 2.97 
CC × 85 wk 67.49a-e 1.082 106.23 64.99abc 26.48a-e 8.53h 35.08gh 2.88 
EC × 52 wk 61.73g 1.084 89.29 64.60abc 25.78b-f 9.75a 40.23ab 3.38 
EC × 59 wk 66.30b-e 1.083 91.47 65.34ab 25.68def 9.16b-f 37.62def 3.04 





Table 2.7 (continued) 
Treatments EW SG HU AP YP SP ST EBS 
Environment × Age of birds 
   
 
    
EC × 72 wk 67.29a-e 1.084 96.98 64.16bc 26.72a-d 9.12b-f 38.38cde 3.09 
EC × 79 wk 68.67ab 1.085 96.31 64.42abc 26.65a-d 8.92d-g 37.12ef 2.70 
EC × 85 wk 67.66a-e 1.081 104.54 65.45a 26.34a-e 8.28h 34.01h 2.62 
CF × 52 wk 62.45g 1.086 90.87 65.59a 25.10f 9.39a-d 38.90bcd 3.57 
CF × 59 wk 65.33ef 1.084 91.82 63.79c 26.77abc 9.46abc 39.00a-d 3.26 
CF × 65 wk 65.64c-f 1.084 94.88 64.65abc 26.25a-e 9.09b-f 39.73abc 3.34 
CF × 72 wk 67.16a-e 1.083 94.91 64.98abc 25.98a-f 9.10b-f 39.09a-d 3.12 
CF × 79 wk 66.29b-e 1.083 97.00 64.40abc 26.81ab 8.81efg 36.67fg 2.90 
CF × 85 wk 65.42def 1.080 101.42 64.37abc 26.88a 8.77fg 34.41h 2.68 
SEM 0.518 0.003 0.966 0.248 0.208 0.096 0.336 0.072 
Strain × Age of birds 
   
 
    
HB × 52 wk 62.67d 1.087 90.25 65.76a 24.62 9.78 40.52a 3.74 
HB × 59 wk 67.04bc 1.085 92.60 65.05abc 25.43 9.47 38.94bcd 3.36 
HB × 65 wk 66.96bc 1.078 95.91 64.66cd 25.86 9.46 39.81ab 3.38 
HB × 72 wk 67.07bc 1.087 96.10 65.09abc 25.45 9.47 39.17bc 3.34 
HB × 79 wk 66.82bc 1.087 96.24 64.72bcd 26.02 9.26 37.86d 2.96 
HB × 85 wk 67.29abc 1.084 104.20 65.62ab 25.64 8.80 35.75e 2.83 
HW × 52 wk 62.22d 1.083 90.65 64.29cd 26.36 9.36 39.35abc 3.36 
HW × 59 wk 65.65c 1.081 91.20 64.60cd 26.70 8.97 37.65d 3.09 
HW × 65 wk 67.77ab 1.082 97.10 64.44cd 26.80 8.75 38.48cd 3.16 
HW × 72 wk 67.92ab 1.082 96.18 64.05d 27.14 8.85 38.37cd 3.03 
HW × 79 wk 69.18a 1.081 97.85 64.17cd 27.43 8.42 35.87e 2.75 
HW × 85 wk 66.42bc 1.078 103.92 64.25cd 27.50 8.25 33.25f 2.62 
SEM 0.423 0.003 0.789 0.202 0.170 0.079 0.274 0.059 
P-value 
   
 
    
Housing Environment 0.0002 0.6975 0.0364 0.5699 0.5971 0.6077 0.5337 <0.0001 
Strain 0.4915 0.0373 0.5879 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Age of the birds <0.0001 0.3395 <0.0001 0.0215 <0.0001 <0.0001 <0.0001 <0.0001 
Environment × Strain 0.8051 0.2093 0.583 0.232 0.2331 0.1678 0.006 0.2224 
Environment × Age of birds 0.0393 0.4336 0.0791 <0.0001 0.0006 0.0009 <0.0001 0.9382 
Strain × Age of birds 0.0002 0.3875 0.461 0.0082 0.0716 0.1100 0.0297 0.6291 
Environment × Strain × Age of birds 0.6498 0.4654 0.3103 0.8558 0.4775 0.377 0.3787 0.5591 
a-hvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
EW: egg weight, SG: Specific gravity, HU: Haugh unit, AP: Albumen percentage, YP: Yolk percentage, SW: Eggshell weight, SP; 




Table 2.8 Correlation between egg weight, eggshell thickness, eggshell percentage, and eggshell breaking strength 
Measured parameters EW ST SP 
ST -0.232***   
SP -0.405**** 0.751****  
EBS -0.298**** 0.590**** 0.594**** 
*P < 0.05 
**P < 0.01 
***P < 0.001 
****P < 0.0001 
EW: Egg weight, ST: Eggshell thickness, SP: Eggshell percentage, EBS: Eggshell breaking strength  
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Table 2.9 Effect of Housing environment, hen strain and age of the birds on cloacal and eggshell microbiology (log CFU/mL) in 
late phase of production (52-85 wks of age) 
Treatments Aerobes Cloaca Aerobes Egg Anaerobes Cloaca Anaerobes Egg Coliforms Cloaca Coliform Eggs 
Environment       
CC 2.306b 2.518b 3.756b 2.847b 0.925b 0.891b 
EC 3.036b 2.102b 3.527b 1.143c 1.504b 0.597b 
CF 4.408a 5.079a 4.622a 3.912a 2.439a 2.949a 
SEM 0.22 0.224 0.173 0.193 0.23 0.169 
Strain 
 
HB 3.379 3.164 4.214a 2.451 1.757 1.514 
HW 3.158 3.326 3.731b 2.833 1.488 1.453 
SEM 0.18 0.182 0.141 0.157 0.188 0.138 
Age of the birds 
 
52 wk 2.915bcd 2.917 3.804bcd 2.032b 0.495c 0.000c 
59 wk 2.712cd 2.989 3.084cd 2.429ab 0.835c 0.292c 
65 wk 2.581d 3.403 2.945d 3.203a 1.216bc 2.053ab 
72 wk 3.646abc 2.887 4.311b 2.869ab 2.226ab 1.739b 
79 wk 4.111a 3.759 5.531a 2.702ab 2.735a 2.102ab 
85 wk 3.755ab 3.513 4.141bc 2.594ab 2.230b 2.731a 
SEM 0.245 0.251 0.282 0.247 0.257 0.215 
Environment × Strain 
      
CC × HB 2.747 2.499 4.315 2.797 1.297 0.970 
CC × HW 1.878 2.537 3.244 2.898 0.554 0.812 
EC × HB 4.398 4.914 4.682 3.630 2.458 3.038 
EC × HW 4.418 5.240 4.561 4.193 2.420 2.860 
CF × HB 2.966 2.033 3.658 0.925 1.517 0.533 
CF × HW 3.106 2.168 3.396 1.367 1.490 0.664 
SEM 0.311 0.316 0.245 0.273 0.326 0.179 
Environment × Age of birds 
      
CC × 52 wk 1.976cd 1.759cd 4.092 1.470d-g 0.579c 0.000d 
CC × 59 wk 1.876cd 2.305bcd 2.339 2.959a-e 0.000c 0.558cd 
CC × 65 wk 1.640d 3.263a-d 2.977 3.984abc 0.582c 1.459cd 
CC × 72 wk 1.843cd 1.150d 3.393 2.523b-f 0.384c 0.275c 
CC × 79 wk 2.848a-d 3.207a-d 5.554 2.637b-e 2.022abc 0.832cd 
CC × 85 wk 3.975abc 3.424abc 4.481 3.512a-d 1.985abc 2.221bc 
EC × 52 wk 2.483bcd 1.763cd 3.195 0.306g 0.298c 0.000d 
EC × 59 wk 1.955cd 1.555cd 2.784 0.450fg 0.971bc 0.000d 
EC × 65 wk 1.651d 1.582cd 1.987 1.321efg 0.000c 0.615cd 
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Table 2.9 (continued) 
Treatments Aerobes Cloaca Aerobes Egg Anaerobes Cloaca Anaerobes Egg Coliforms Cloaca Coliform Eggs 
Environment × Age of birds 
      
EC × 72 wk 4.233ab 2.136cd 4.263 1.231efg 3.076ab 0.556cd 
EC × 79 wk 4.809a 2.840bcd 5.261 1.528d-g 3.207ab 0.759cd 
EC × 85 wk 3.086a-d 2.657bcd 3.671 1.953c-g 1.471abc 1.669cd 
CF × 52 wk 4.286ab 5.228a 4.124 4.175ab 0.607c 0.000d 
CF × 59 wk 4.306ab 5.108a 4.130 3.877abc 1.535abc 0.318d 
CF × 65 wk 4.453ab 5.210a 3.956 4.304ab 3.066ab 4.085ab 
CF × 72 wk 4.974a 5.252a 5.276 4.853a 3.217a 4.387a 
CF × 79 wk 4.256ab 5.229a 5.779 3.943abc 2.976ab 4.602a 
CF × 85 wk 4.221ab 4.459ab 4.413 2.319b-g 3.234a 4.303a 
SEM 0.425 0.436 0.491 0.428 0.446 0.373 
Strain × Age of birds 
      
HB × 52 wk 3.264 2.706 4.012 1.824 0.989 0.000 
HB × 59 wk 2.937 3.019 3.587 2.339 0.837 0.186 
HB × 65 wk 3.051 3.846 3.595 3.100 1.268 2.638 
HB × 72 wk 3.558 2.691 4.210 2.686 2.456 1.800 
HB × 79 wk 3.919 3.757 5.525 2.451 2.426 1.824 
HB × 85 wk 3.626 3.050 4.397 2.305 2.568 2.635 
HW × 52 wk 2.566 3.127 3.595 2.252 0.000 0.000 
HW × 59 wk 2.488 2.960 2.582 2.518 0.833 0.398 
HW × 65 wk 2.111 3.033 2.257 3.307 1.164 1.468 
HW × 72 wk 3.729 3.084 4.412 3.052 1.996 1.678 
HW × 79 wk 4.304 3.761 5.538 2.954 3.045 2.396 
HW × 85 wk 3.876 3.977 3.931 2.883 1.892 2.827 
SEM 0.346 0.356 0.399 0.350 0.364 0.305 
P-value 
      
Housing Environment <0.001 <0.0001 0.0003 <0.0001 0.0003 <0.0001 
Strain 0.3712 0.5018 0.0205 0.1129 0.3199 0.7421 
Age of the birds <0.0001 0.0438 <0.0001 0.0242 <0.0001 <0.0001 
Environment × Strain 0.2687 0.9011 0.1412 0.6859 0.4621 0.7568 
Environment × Age of birds 0.0002 0.0282 0.3368 0.0002 0.0003 <0.0001 
Strain × Age of birds 0.3145 0.2612 0.4182 0.9916 0.3062 0.1145 
Environment × Strain × Age of birds 0.2133 0.2512 0.507 0.5966 0.6548 0.3912 
a-gvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 




Figure 2.1 Effect of housing environments, hen strain and age of the birds on hen day egg production (HDEP) in early phase of 





Figure 2.2 Effect of housing environment, hen strain and age of the birds on hen day egg production (HDEP) in late phase of 











Figure 2.4 Figure: Effect of housing environment, hen strain and age of the birds on feed conversion ratio (FCR) in late phase of 
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EFFECTS OF HOUSING ENVIRONMENT AND LAYING HEN STRAIN ON TIBIA AND 
FEMUR BONE PROPERTIES2 
3.1 Abstract 
This study aimed to determine the effect of housing environments and laying hens strains 
on tibia and femur bone properties: tibia breaking strength and tibia ash percentage, femur bone 
mineral density (BMD), bone mineral content (BMC), bone volume fraction (BV/TV), porosity 
percentage, trabecular thickness, and trabecular number. A 3 × 2 factorial arrangement of three 
housing environment ((conventional cages (CC), enriched colony cages (EC), or cage-free free-
range (CF)) and two laying hen strain ((Hy-Line Brown (HB) and Hy-Line W-36 (HW)) in a 
completely randomized design was conducted. The experiment was conducted from 32-85 wks 
of age. Six left tibias were collected at eight different time points (38, 45, 52, 59, 65, 72, 79, and 
85 wks of age), whereas left femurs were collected at three-time points (38, 65, and 85 wks of 
age). The highest tibia breaking strength and ash percentage were observed in CF compared to 
the CC (P = 0.0005; P = 0.0449). Overall tibia breaking strength of HW was significantly higher 
than that of HB (P < 0.0001); however, there was no difference in the ash percentage between 
the strains (P > 0.05). Housing environment did not have any effect on the total, cortical, and 
medullary BMD, BMC, BV/TV, and porosity percentage (P > 0.05). However, trabecular bone 
volume was higher (P = 0.0222) in the CF system compared to the CC. Hen strain had a 
 
2A part of this study was presented at International Poultry Scientific Forum, 2020 held at Atlanta, GA, USA. 
This chapter will be submitted for publication in Poultry Science Journal. 
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significant effect on total and cortical bone properties: BMD, BV/TV, and porosity percentage, 
where HW had better properties compared to the HB. Trabecular BMD was higher (P = 0.0404) 
in the HW compared to the HB, whereas bone volume was higher (P < 0.0001) in HB. The 
results suggest that raising laying hens in the alternative housing systems that have provision for 
exercise such as CF reduces the structural bone loss, stimulates the structural bone formation, 
and improves the breaking strength of the bones. 
Keywords: Housing environment, Laying hen strain, X-ray microtomography, Bone properties 
3.2 Introduction 
Conventional cages (CC) are the predominant housing systems in the United States 
because of the higher revenue and productivity in a small area with high stocking density (UEP, 
2019). Lately, it has been widely criticized for compromising laying hen welfare and not 
providing a favorable environment, which has forced the egg industry to explore alternative 
housing systems (Appleby, 2003; Leyendecker et al., 2005). Skeletal health is one of the most 
common problems in the CC system and is considered a severe welfare issue. Disuse-
osteoporosis in laying hens is defined as the progressive loss of structural bone, which increases 
fragility due to lack of exercise and restricted movement (Whitehead and Fleming, 2000). Nearly 
20-40% of the calcium required for eggshell formation is supplied from the bones, thus affecting 
bone integrity (Mueller et al., 1964). Laying hens selected for egg production are more 
susceptible to osteoporosis due to a negative calcium balance which is due to the high demand 
for calcium during eggshell formation (Fleming et al., 1994; Rennie et al., 1997; Whitehead and 
Fleming, 2000). Furthermore, bone quality is closely associated with egg production and egg 
quality, where a negative correlation has been observed among egg production, eggshell 
thickness, and bone-breaking strength (Bishop et al., 2000; Leyendecker et al. 2001). The 
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selection of laying hens for egg production and quality have negative impacts on bone health. 
Previous studies have demonstrated that rearing hens in alternative housing environments that 
have provision for exercises such as perching and load-bearing activities improved the bone 
properties (Leyendecker et al., 2005; Sandilands et al., 2009). It has been speculated that 
providing enough space for exercise may improve skeletal integrity by stimulating bone 
remodeling (Whitehead and Fleming, 2000; Webster, 2004; Leyendecker et al., 2005). 
X-ray microtomography (microCT) is a relatively new technique to assess the 
architectural structure of the bone. MicroCT provides a detailed structure of the internal structure 
of the bone without destroying the bone. MicroCT can produce 3-D images of an internal 
structure of bone through reconstruction (Landis and Keane, 2010). MicroCT can also provide an 
architectural structure of the cortical, trabecular as well as medullary bone, which were not 
previously possible with the use of other techniques such as Dual-energy X-ray absorptiometry 
(DEXA) and quantitative computed tomography (pQCT). Apart from that, it quantifies the bone 
quantity (bone volume, bone mineral density, and bone mineral content) and quality (number and 
volume of pores in the bones). Dual-energy X-ray absorptiometry was widely used to study the 
bone properties of the laying hens in alternative housing environments. However, by using the 
DEXA method, a detailed analysis of the trabecular bone architecture is often excluded. 
Although pQCT can create a 3-D structure of bone allowing separation of the cortical and 
trabecular bone, but is unable to separate trabecular and medullary bone (Jendral et al., 2008; 
Saunders-Blades et al., 2009), whereas microCT can separate all three bone types. The primary 
functions of the trabecular bone is to distribute the mechanical load, bone remodeling, and 
maintaining calcium throughout the body (Nakano et al., 2005); therefore, it is essential to know 
how it reacts with a change in housing environments. Trabecular architectural structures involve 
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trabecular thickness (Tb.Th), trabecular number (Tb.N), structure model index (SMI), degree of 
anisotropy (DA), connectivity (Conn.), trabecular separation (Tb.Sp) and standard deviation of a 
trabecular thickness (Tb.Th.SD). The detailed description of the cortical, medullary, and 
trabecular bone measurement parameters are described in Table 3.1, adapted from Bouxsein et 
al. (2010).   
  Previously, bone properties of laying hens were studied in alternative housing 
environments such as aviary, enriched colony cages, floor, or free-range but using only one 
laying hen strain and at a single time point. Most of these studies evaluated the mechanical 
strength of the bone. However, complete architectural structure of the bone, including the 
trabecular architecture in such environments was not studied. Besides, most of these studies 
analyzed the bone at the end of the laying period. Therefore our objective was to study the tibia 
and femur bone properties of laying hen strains housed in different environments that have a 
high calcium demand for egg formation.  
3.3 Materials and Methods 
The experimental procedure was approved by the Institutional Animal Care and Use 
Committee of Mississippi State University (IACUC# 17-554). 
3.3.1 Housing Environment, Birds, Husbandry and Experimental Design 
Day-old Hy-Line Brown (HB) and Hy-Line W-36 (HW) chicks were obtained from Hy-
Line International (Hy-Line international, Mansfield, GA) and reared on the floor until the 
pullets reached 18 wk of age. The pullets were then moved to the conventional cages (CC) until 
the birds reached 30 wk of age. The CC, enriched colony cage (EC), and cage-free free-range 
(CF) were located on the Poultry Research Unit at Mississippi State University. The CC and EC 
were installed within the same open-sided house, whereas CF was approximately 250 m away 
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from the CC and EC system. The CC was a three-tier A-frame system, whereas EC was a two-
tier furnished system. Both CC and EC systems had a wire-mesh floor with a floor space of 772 
cm2/bird and 1505 cm2/bird, respectively. The CF system had an indoor and outdoor area (range) 
that was equally divided into 12 pens (5.57 m2/pen) and ranges (11.6 m2/range) with each 
connected via a window. The indoor area was equipped with wooden perches and nest boxes. 
The floor space provided in the indoor area was 1,742 cm2 /bird, whereas 3,484 cm2 /bird was 
provided for the range. The birds were given access to the range at least seven hours a day 
throughout the experimental period (32 to 85 wks of age). 
  The experimental design was a completely randomized design with a 3 × 2 factorial 
arrangement for three housing environments (CC, EC, and CF) and two laying hen strain (HB 
and HW) with a split-plot in time resulting in six treatments groups. The six treatment groups 
were conventional cage and Hy-Line Brown (CCHB), conventional cage and Hy-Line W-36 
(CCHW), enriched colony cage and Hy-Line Brown (ECHB), enriched colony cage and Hy-
Line W-36 (ECHW), cage-free free-range and Hy-Line Brown (CFHB), and cage-free free-
range and Hy-Line W-36 (CFHW). A total of 1,152 laying hens of both strains (HB and HW) 
were then equally allocated into each of the treatment groups (192 hens per group). Each 
treatment group consisted of six replicates. For the CC, eight adjacent cages, each cage 
containing four birds, were considered as a replicate, whereas for EC and CF, each pen 
containing 32 birds was considered one replicate unit.  
 Ad libitum feed and water were provided throughout the experimental period. Mash feed 
was fed throughout the experimental period to meet the nutrient requirement of laying hens (HB 
and HW) based on phase feeding, according to the Hy-Line management guide (Hy-Line 
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International). The lighting regime 16L:8D was consistent for all housing environments 
throughout the experimental period. 
3.3.2 Tibia Breaking Strength and Tibia Ash 
One bird per replicate was randomly selected and humanely euthanized every seven wks 
(38, 45, 52, 59, 65, 72, 79, and 85 wks of age) with the use of CO2 gas. The left leg was 
separated from the hen and preserved at -20oC until further processing. All the surrounding 
muscle tissue and fibula bones were separated later, and left tibias thus obtained were wrapped in 
the wet cheesecloth and aluminum foil. The bones were preserved at -20oC until the bone-
breaking strength and tibia ash procedures were conducted. Before preserving the bone samples, 
weight was taken using a digital scale (Ohaus, Parsippany, NJ), whereas the length and diameter 
of the bone were measured with the use of Vernier Caliper. To measure the tibia breaking 
strength (TBS), the bones were thawed overnight at room temperature. Bone-breaking strength 
was measured using an Instron Universal Testing Machine (Instron Inc., Norwood, MA). The 
three-point bending procedure was followed with a crosshead speed of 10 mm/min using a 50-kg 
load cell (Asabe, 2005). Each bone sample after bone-breaking strength data was acquired was 
further analyzed for tibia ash content. The bones were dried at 105oC for 24 h and then defatted 
using petroleum ether in a Soxhlet apparatus for 12 h. After the extraction of fat, the bones were 
air-dried, weighed along with the crucibles, and placed in the muffle furnace (600oC) for 24 h. 
After 24 h, tibia ash along with the crucible weight, was recorded. Tibia ash percentage was 
calculated using the following formula: 
Tibia ash % =
((Weight of crucible + ash) − (𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒))
((𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒 + 𝑑𝑟𝑦 𝑏𝑜𝑛𝑒) − (𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑟𝑢𝑐𝑖𝑏𝑙𝑒))




3.3.3 Analysis of Femur Bone 
The femur bones, collected at 38, 65, and 85 wks of age, were removed and cleaned of all 
soft tissues. Femur bones were then wrapped with a wet cheesecloth and aluminum foil and kept 
at -20oC until further processing. Femur bones were thawed at 4oC overnight, and bone 
properties were analyzed using Skyscan X-ray microtomography (microCT; Bruker MicroCT, 
Billerica, MA) at the Department of Poultry Science at the University of Georgia. Bones were 
wrapped in the cotton cloth and fixed in a plastic cone to prevent desiccation. The x-ray source 
was set at 80kV and 125 µA. The pixel size was fixed at 25 µm and the rotation angle of 0.4o was 
applied at each step and four images per rotation were captured. A series of 2-D images were 
captured, which were later used to reconstruct a 3-D image using N-Recon (Bruker MicroCT, 
Billerica, MA). The 3-D image was then straightened using Data Viewer software (Bruker 
MicroCT, Billerica, MA), and the volume of interest was selected using CTAn software (Bruker 
MicroCT, Billerica, MA). The volume of interest is defined as the section of the bone from 
which morphometry and density measurement were analyzed and it was selected from a distal 
supracondylar region from which a total of 300 slides were analyzed. Two phantoms (8 mm 
diameter) of known density (0.25 and 0.75 g/cm3) for Calcium hydroxyapatite (Ca5(PO4)3(OH)) 
were scanned to allow for calibration of bone mineral density.  
 MicroCT was done on the distal epiphyses of the femur, and a part of the distal 
supracondylar region was selected as a volume of interest where all three bone sections (Cortical 
bone, medullary bone, and trabecular bone) were present. Tissue volume (TV), total bone 
volume (BV), bone volume percentage as a fraction of tissue volume (BV/TV), bone mineral 
density (BMD), and bone mineral content (BMC) were measured from the whole volume of 
interest, cortical bone, medullary bone, and trabecular bone sections. The volume of interest and 
cortical bone section was also measured for the volume of pores (volume of the closed pore 
 
89 
(VCP) and open pores (VOP)) and porosity percentage (PP). From the trabecular bone: 
trabecular thickness (Tb.Th), trabecular number (Tb.N), structure model index (SMI), degree of 
anisotropy (DA), connectivity (Conn.), trabecular separation (Tb.Sp) and standard deviation of 
trabecular thickness were also measured (Tb.Th.SD). The description of the measured 
parameters is shown in Table 3.1. The bone mineral content of the bone was calculated using the 
following formula: 
3.3.4 Eggshell Quality 
To correlate bone properties with eggshell quality parameters, such as eggshell thickness, 
eggshell percentage, and eggshell breaking strength, three different time points were selected 
(38, 65, and 85 wks of age). A total of 36 eggs from each treatment were collected randomly to 
measure the eggshell parameters over the selected time points. Eggshell thickness was measured 
using the Ames micrometer (B. C. Ames Incorporated, MA) at the top, equator, and bottom of 
the eggshell, and the average measurement was obtained. Eggshell breaking strength was 
measured using the Instron Universal Testing Machine model 3345 (Instron Inc., Norwood, MA) 
with a constant crosshead speed of 20 mm/min using a 100 N load cell and a 35 mm probe as the 
compression device (Clerici et al., 2006). To calculate the eggshell percentage, eggs were broke 
and the eggshell was rinsed with tap water to clear the shell membrane and then allowed to dry 
for dried for two days. Eggshell percentage was calculated by dividing the eggshell weight by 
egg weight and multiplied by 100. 
BMC (g) =  BMD (g/cm3)   ×  TV (cm3) (3.2) 
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3.3.5 Statistical Analysis 
Data were analyzed using the PROC GLM procedure of SAS V. 9.4 (SAS Institute Inc., 
Cary, NC) as a completely randomized design with a split-plot in time. Means were separated 
using Fisher’s LSD with the significance level set as P ≤ 0.05. Correlations among the bone 
parameters and eggshell qualities were evaluated using PROC CORR (Pearson correlation) of 
SAS V. 9.4 (SAS Institute Inc., Cary, NC). 
3.4 Results 
Overall, hens housed in CC (2.05 kg) and EC (2.03 kg) were heavier than the CF (1.97 
kg; P = 0.0009). Among the laying hen strains, HB (2.25 kg) were heavier compared to the HW 
(1.79 kg; P < 0.0001).  The overall initial and final body weight for HB and HW were 2.03 kg 
and 2.17 kg and 1.65 kg and 1.78 kg, respectively. 
3.4.1 Tibia Properties 
The effect of housing environments and laying hen strains for tibia properties is shown in 
Table 3.2. Overall the lower tibia weight was observed in the CC (9.82 g) and EC (10.00 g) 
compared to the CF system (10.26 g; P = 0.0011). The two laying hen strains were different for 
the tibia weight where HB (11.61 g) had heavier tibia compared to HW (8.47 g; P < 0.0001). The 
highest tibia weight was observed at 72 wks of age and lowest at wk 45, 52, and 59 wks of age 
(P = 0.0004). The three housing environments (CC, EC, and CF) were not different for the tibia 
length and diameter (P = 0.6683). Among the two laying hen strains, HB had higher tibia length 
(12.12 cm vs. 11.48 cm; P < 0.0001) and diameter (0.767 cm vs 0.665 cm; P < 0.0001) 
compared to the HW. The longest tibia length was observed at 72 wks of age and smallest at 65 
wks of age (P = 0.0164). Similarly, the largest tibia diameter was observed at 38 wks of age and 
lowest at 45, 52, and 59 wks of age (P = 0.006). The effect of housing environment was observed 
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for the dry weight (P = 0.0014) and dry weight percentage of tibia (P = 0.0168) where CF had 
more dried weight (6.02 g vs. 5.58 g) and a higher percentage compared to CC (58.87% vs. 
57.03%). In addition, laying hen strains were different in the dried weight and dried bone 
percentage (Both; P < 0.0001). Dried tibia weight was observed to be higher in the HB (6.52 g) 
compared to the HW (5.06 g), whereas dried bone percentage was higher in HW (59.74%) than 
HB (56.01%). The highest dried tibia weight and percentage were observed at 85 wks of age 
(Both; P <0. 0001). Both dried tibia weight and percentage gradually increased as the hen’s ages.  
An interaction among housing environment and age of the birds (P = 0.0048) and hen 
strain and age of the birds (P = 0.0005) was observed for tibia ash percentage. Overall, ash 
percentage was highest in CF (56.47%) compared to CC (55.64%) and EC (55.67%; P = 
0.0449). Tibia ash percentage was similar among the housing environments until 72 wks of age. 
At 79 wks of age, CC had a higher ash percentage compared to EC and CF, and at 85 wks of age, 
CF had higher ash percentage compared to CC and EC. At 45 wks of age, HB had higher ash 
percentage compared to the HW; however, towards the end of the trial at 79 and 85 wks of age, 
HW had higher ash percentage than HB. The highest tibia breaking strength was observed for the 
CF (26.47 KgF) and EC (54.97 KgF) hens compared to the CC (23.05 KgF; P = 0.0005). The 
lowest tibia breaking strength was observed for the HB hens (22.81 KgF) compared to the HW 
hens (26.86 KgF; P < 0.0001). Tibia breaking strength gradually increased as the hens aged and 
was the highest at 72 wks of age (27.14 KgF) and then it decreased at 79 wks of age (24.26 KgF; 
P < 0.0001). 
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3.4.2 Femur Properties 
3.4.2.1 Total Volume of Interest  
The effects of housing environment and laying hen strains for total volume of interest 
properties are shown in Table 3.3 and Table 3.4. Interaction among the housing environment 
and hen strain (P = 0.0401) along with hen strain and age of the birds (P = 0.0372) was 
observed. The main effect of housing environments was not observed for the measured variables 
(BMD, BMC, TV, BV, BV/TV, VCP, VOP, TVP, and PP; P > 0.05). The highest BMD was 
observed in HW hens raised in the CF system (0.458 g/cm3) compared to the HW raised in EC 
and CC. However, there was no difference for BMD in HB hens in all three housing 
environments. Likewise, the BMD showed an increasing trend with the age of the birds with the 
highest BMD observed in HW at 85 wks of age. However, it decreased for the HB hens from 65 
(0.445 g/cm3) to 85 (0.402 g/cm3) wks of age. An interaction was observed for the BMC among 
housing environment and laying hen strain (P = 0.0306) where HB had higher BMC compared to 
the HW in CC and EC systems; however, there was no difference for hens raised in CF system. 
Overall, BMD increased with the age of the birds from 38 (0.191 g) to 65 wks of age (0.239) and 
remained constant afterward (P < 0.0001).  
The highest tissue volume was observed in the HB (629.10 mm3) compared to the HW 
(467.04 mm3; P <0.0001). There was a trend observed in the interaction between housing 
environment and hen strain for BV (P = 0.0594). The highest bone volume was observed in CC 
HB hens (216.13 mm3) and lowest in CC HW hens (146.32 mm3). Bone volume increased from 
163.58 mm3 at wk 38 to 199.77 mm3 at wk 65 (P = 0.0006). Bone volume percentage as a 
fraction of tissue volume had a similar pattern as the bone volume. The BV/TV increased from 
wk 38 (29.95%) to wk 65 (37.04%). The BV/TV at 85 wks of age (35.80%) was not statistically 
different from wk 65 (P = 0.0003).  
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Hy-Line Brown hens had a higher volume for closed pores (2.42 mm3) and open pores 
(420.10 mm3) compared to the HW (1.60 mm3 and 299.76 mm3; P = 0.0004 and P < 0.0001). 
The highest volume of the closed and open pores was observed at wk 38 (2.28 mm3 and 386.24 
mm3) and the lowest at wk 65 (1.58 mm3 and 341.06 mm3; P = 0.0042 and P = 0.0023). 
Similarly, total volume of pores was higher in the HB (422.52 mm3) compared to the HW 
(301.36 mm3) and was highest at 38 wks of age (386.24 mm3; P < 0.0001). Laying hen strains 
were not different for PP (P = 0.2667), but the main effect of age was observed (P = 0.0003). 
The highest porosity percentage was observed at 38 wks of age (70.05%).  
3.4.2.2  Cortical Bone 
The effects of housing environment and laying hen strain for cortical bone properties are 
shown in Table 3.5 and Table 3.6. The results for the cortical bone parameters were identical to 
the total volume of interest. Only laying hen strain had an effect on the measured bone 
parameters. Cortical BMD was observed higher in the HW (0.985 g/cm3) compared to the HB 
hens (0.927 g/cm3; P < 0.0001). The highest BMD was observed at 65 wks of age (0.981 g/cm3) 
and the lowest at 38 wks of age (0.916 g/cm3). Hy-Line Brown hens had higher BMC (0.129 g) 
compared to HW hens (0.145 g; P = 0.0335). Bone mineral content was observed higher at wk 
65 and 85 (0.146 g) and it was lowest at wk 38 (0.116 g).  
 The greatest tissue and bone volume were observed in the HB hens (156.18 mm3 and 
146.35 mm3) compared to the HW hens (130.44 mm3 and 123.84 mm3; P = 0.0035 and P = 
0.0078) however BV/TV was greater for HW (94.90%) compared to the HB (93.57%; P = 
0.0103). Tissue volume was higher at 85 (151.60 mm3) and 65 wks of age (149.72 mm3) 
compared to wk 38 (127.37 mm3; P = 0.0086). Similar results were observed for the bone 
volume (P = 0.0065) and BV/TV (P = 0.0497).  
 
94 
While comparing the laying hen strain for the volume of closed pores, HB hens had 
higher volume (1.54 mm3) compared to HW (1.06 mm3; P = 0.001), and the highest volume was 
observed at 38 (1.415 mm3) and 85 (1.425 mm3) wks of age compared to 65 wks of age (1.041 
mm3; P = 0.0188). Similarly, HB had a higher volume of open pores (8.290 mm3) compared to 
the HW (5.540 mm3; P = 0.0003). Laying hen strains differed for porosity percentage, where HB 
had higher pores (6.43%) compared to the HW (5.096%; P= 0.0103). Laying hens of wk 38 had 
a higher porosity percentage (6.400%) compared to the hens of age 65 (4.871%; P = 0.0497). 
3.4.2.3 Medullary Bones 
The effects of housing environment and laying hen strain for medullary bone are shown 
in Table 3.7. When comparisons were made across the housing environments, measured 
medullary bone parameters were not different (P > 0.05), but laying hen strain affected these 
properties. Bone mineral density was not different among the hen strain (P = 0.501); however, it 
increased with the age of the hens. The highest BMD was observed at 65 and 85 wks of age 
(0.186 g/cm3 and 0.172 g/cm3, respectively), and lowest at 38 wks of age (0.115 g/cm3; P < 
0.0001). Hy-Line Brown hens had higher BMC (0.064 g) compared to the HW (0.044 g; P < 
0.0001). Overall, BMC was observed highest at 65 wks of age (0.063 g) and lowest at 38 wks of 
age (0.043 g).  
 The highest medullary tissue volume was observed in HB (417.67 mm3) 
compared to the HW (293.76 mm3; P < 0.0001). The highest bone volume and BV/TV were 
observed in HB (15.20 mm3 and 4.35%) compared to the HW (7.32 mm3 and 2.66%; P = 0.0001 
and P = 0.0237). The highest bone volume and BV/TV were observed at 65 wks of age (15.61 




3.4.2.4 Trabecular Bone 
The effects of housing environment and laying strain for trabecular bone are shown in 
Table 3.8 and Table 3.9. Trabecular BMD was only numerically higher in the CF (0.766 g/cm3) 
compared to the CC (0.760 g/cm3) and EC (0.751 g/cm3). Trabecular BMD was lowest for the 
HB (0.753 g/cm3) compared to the HW (0.765 g/cm3; P = 0.0404). Bone mineral density 
increased with the age of the birds and was highest at 85 wks of age (0.782 g/cm3) and lowest at 
38 wks of age (0.728 g/cm3; P < 0.0001). Trabecular BMC was observed higher in the CF 
system (0.013 g) compared to the CC (0.011 g; P = 0.0255), and between the hen strains, HB 
(0.014 g) had higher BMC than HW (0.010 g; P < 0.0001). The highest BMC was observed at 65 
wks of age (0.013 g; P = 0.0579).  
 The cage-free free-range system had higher bone volume (17.27 mm3) compared to both 
CC (13.97 mm3) and EC system (16.25 mm3; P = 0.0222). Overall, HB had higher bone volume 
(18.94 mm3) compared to the HW (12.89 mm3; P < 0.0001). A trend was observed for the Tb.Th 
for the housing environment (P = 0.0624). The cage-free free-range system had higher trabecular 
thickness (0.146 mm) compared to the EC (0.138 mm) and CC (0.140 mm). Trabecular thickness 
did not differ among the hen strains (P < 0.6961). Enriched colony cage had a greater trabecular 
number (7.35 per mm) compared to the CF (6.932 per mm; P = 0.0911). The greater trabecular 
number was observed at 38 (7.544 per mm) and 85 wks of age (7.265 per mm; P = 0.0113). 
Housing environment and laying hen strain did not have any effect on trabecular pattern factor 
(P > 0.05). Trabecular pattern factor (P = 0.0213) and standard deviation of trabecular thickness 
(P = 0.0132) were both higher at 65 wks of age. 
 Structure model index and connectivity were not different for the hens raised in either 
CC, EC, or CF (P > 0.05). Trabecular connectivity was observed higher in the HB (1106.55) 
compared to the HW (612.47; P < 0.0001). The degree of anisotropy was observed lowest for the 
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hens raised in CF (1.635) compared to those raised in CC (1.763) and EC (1.736; P = 0.0404). A 
higher degree of anisotropy was observed in the HW hens (1.840) compared to the HB (1.575; P 
< 0.0001). 
3.4.3 Correlation Analysis 
The correlation between body weight, femur bone properties, tibia bone properties and 
eggshell qualities is shown in Table 3.10. Body weight was highly correlated with the BMC 
(0.525; P < 0.0001) and eggshell percentage (0.244; P < 0.05). Bone mineral density of volume 
of interest was highly positively correlated with the BMC (0.752; P < 0.0001), bone volume 
(0.898; P < 0.0001), dried tibia bone percentage (0.458; P < 0.0001), tibia breaking strength 
(0.606; P < 0.0001) and tibia ash percentage (0.206; P < 0.01) but negatively correlated with 
eggshell percentage (-0.339; P < 0.001) and eggshell thickness (-0.243; P < 0.05). Femur BMC 
was highly correlated with the bone volume (0.703; P < 0.0001) and tibia breaking strength 
(0.310; P < 0.01). A strong positive correlation was observed between femur bone volume and 
tibia breaking strength (0.607; P < 0.0001). Eggshell percentage was negatively correlated with 
the femur bone volume (-0.251; P < 0.05), dried tibia bone percentage (-0.511; P < 0.0001), tibia 
breaking strength (-0.415; P < 0.0001) and tibia ash percentage (-0.242; P < 0.05). Similarly, 
eggshell thickness was also negatively correlated with dried tibia bone percentage (-0.525; P < 
0.0001), tibia breaking strength (-0.329; P < 0.001) and tibia ash percentage (-0.370; P < 
0.0001). 
3.5 Discussion 
Skeletal health is one of the welfare problems in hens raised in the CC, and it is of prime 
importance for optimum performance as 20-40% of the calcium for eggshell formation is 
mobilized from the bones (Mueller et al., 1964). Lately, laying hens are being raised in 
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alternative housing environments such as barn, aviary, or free-range, thereby providing 
opportunities for physical activities. The results of this study demonstrated the effect of housing 
environment and laying hen strain on the compositional and microstructural properties of tibia 
and femur bones.  
Previous studies have compared the tibia bone properties of laying hens raised in 
different housing environments and observed poor bone quality (breaking strength, BMD, and 
BMC) in the CC compared to the aviary, floor or free-range (Newman and Leeson, 1998; Jendral 
et al., 2008; Shipov et al., 2010; Silversides et al., 2012; Regmi et al., 2016b; Yilmaz Dikmen et 
al., 2016). The compositional characteristics of the bones, including the dried tibia bone 
percentage and ash percentage, were different among the housing environments and laying hen 
strains. In our study, the CF had a higher dried tibia bone and ash percentage compared to the CC 
and is similar to the previous results (Silversides et al., 2012; Regmi et al., 2016b; Yilmaz 
Dikmen et al., 2016). Bone ash estimates the total mineral content of the bone and differences in 
the composition of the bone regarding the organic contents such as collagen fibers and osteoid 
tissues, which would later become mineralized, might affect the ash contents (Newman and 
Leeson, 1998; Regmi et al., 2016b). Although dried tibia bone percentage was higher in the HW, 
ash percentage was not different among the strains suggesting the bone mineralization was 
similar; however, the composition of the bones regarding the collagen fibers and osteoid tissues 
might be different (Silversides et al., 2012).  
In our study, the highest tibia breaking strength was observed for the hens housed in the 
CF and EC compared to the CC. Similar results were observed by previous researchers where 
hens housed in the free-range, aviaries, litter, or EC had higher tibia breaking strength compared 
to the CC (Newman and Leeson, 1998; Leyendecker et al., 2005; Fleming et al., 2006; Shipov et 
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al., 2010; Regmi et al., 2016b; Yilmaz Dikmen et al., 2016). Hens housed in the CC had 
relatively limited space for locomotor activities, whereas hens in the EC and CF had an 
opportunity for load-bearing activities like perching, flying, and running. The provision of 
exercise in the CF system contributed to the higher breaking strength (Whitehead and Fleming, 
2000; Leyendecker et al., 2005). Furthermore, Fleming et al. (1994) observed excessive 
endosteal erosion of the cortical bone when limited exercise was provided to the hens. They 
explained this as an adaptive bone remodeling where external physical stimuli such as exercise 
or load-bearing activities promote the maintenance of the bone mass, thus improving the 
breaking strength. Similarly, Newman and Leeson (1998) observed higher tibia breaking strength 
when laying hens were moved from the CC to the aviary system, suggesting some mechanism 
might have involved which stimulates the formation of structural bone rather than inhibiting 
calcium resorption. Besides, higher breaking strength in the CF might also be correlated with the 
AP, which measures the total mineral contents of the bone. Rowland et al. (1972) and Fleming et 
al. (2006) observed the difference among the laying hen strains for tibia breaking strength. They 
correlated the breaking strength with egg production and ash percentage. The lower the egg 
production is, the higher the breaking strength. In our case, overall egg production was higher in 
the HB (Sharma et al.; Unpublished data) compared to HW, whereas ash percentage was similar 
in both. The difference in the breaking strength among the laying hen strain might be due to the 
crosslinking collagen fibers, which were beyond the scope of our study. Sparke et al. (2002) 
reported that the tensile strength of the bone is provided by the intermolecular crosslinking of the 
collagen fibers, which is affected by the genetics of the hen.  
In our study, we did not observe significant differences in the measured parameters from 
total volume of interest and medullary bone of femur among the housing environments. 
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However, we observed a strong trend for cortical and trabecular BMD, which were higher in the 
CF compared to CC. Silversides et al. (2012) observed the higher tibial BMD in the floor pen 
relative to the CC but did not observe any difference in cortical and trabecular bone. Regmi et al. 
(2016) observed the different results for BMD when different sections of the bone were analyzed 
and explained this difference might be due to the site-specific skeletal response and anisometric 
nature of the bone. Similarly, the difference in the results regarding BMD might be due to the 
use of the different scanning techniques, pQCT vs. microCT. MicroCT can provide the detailed 
structure of all three types of bones, cortical, trabecular, and medullary, whereas pQCT is not 
able to distinguish trabecular and medullary bone. The accuracy of quantitative computed 
tomography was questioned for the complete separation of cortical bone, trabecular bone, and 
medullary bone (Jendral et al., 2008; Saunders-Blades et al., 2009). Comparatively lower cortical 
and trabecular BMD in the CC might be due to the excessive endosteal bone loss due to 
restricted movement (Jendral et al., 2008; Shipov et al., 2010). Mechanical strength of the bone 
is not solely dependent on the BMD but also depends on the complex architecture of the 
trabecular bone whose primary purpose is to distribute the mechanical load and provide strength 
to the bone (Hordon et al., 2000). The architectural structure of the trabecular bone was mostly 
affected by the housing environments. Trabecular bone volume, BMC, trabecular number, and 
trabecular thickness were all higher in the CF system compared to the CC, which might have 
given the strength to the tibias. Also, trabecular bone volume was lower in the CC relative to CF 
and EC. Lower trabecular bone volume and thickness in the CC hens might be due to the 
excessive resorption of the calcium by osteoclast cells rather than deposition by osteoblast cells. 
A strong correlation among the trabecular BMD and eggshell percentage (R = -0.475) and BMD 
and eggshell thickness (R = -0.418) was observed in our result, which also supports this 
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hypothesis. The greater trabecular number was observed in the CC, which might be to regulate 
the calcium homeostasis in the body for structural calcium loss and distribute the mechanical 
load as hens in the CC spend most of the time standing. 
 Based on the results from the microCT analysis, HW hens maintained superior 
microstructural architecture of the total volume of interest, cortical bone, and trabecular bone of 
the femur throughout the experimental period compared to the HB hens. However, higher values 
for the medullary bone properties were observed in the HB compared to the HW. Cortical and 
trabecular BMD was higher in the HW compared to the HB, however total and trabecular BMC 
was higher in the HB than that of HW. These differences might be due to the difference in egg 
production (Sharma et al.; unpublished data) where overall HDEP, as well as eggshell percentage 
and eggshell thickness, were higher in the HB compared to the HW. Although total and cortical 
bone volume was higher in the HB, higher BV/TV was observed in the HW, which further 
supports the fact that the higher mobilization of the bone for egg production might occur. In 
addition, total volume of pores and volume of open pores were higher in the HB, which might 
have formed during the resorption of the bone for eggshell formation. The mature osteocytes 
help in bone resorption by attacking the tissues from inside of calcified tissue, which might have 
formed pores in the cortical bones (Belanger, 1963). For the medullary bone properties, BMC, 
bone volume, and BV/TV were higher in the HB compared to the HW, which further supports 
the hypothesis that there might be some variation for the mobilization of the bone for the 
eggshell formation. Formation and resorption of the medullary bone is a sequential process and 
is related to egg production. Medullary bone formation occurs at the expense of the structural 
bone in response to the estrogen and some part of the calcium is derived from the structural 
bones for the formation of medullary bones (Hurwitz 1964). When egg production decreases or 
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reproductive function ceases, medullary bone volume decreases, whereas structural bone 
increases (Whitehead, 2004). Both estrogen level and reproductive activity of the laying hen 
have an impact on the volume of the medullary bone (Gilbert et al., 1983). The difference in the 
amount of the medullary bone depends upon the absorption, storage, and utilization of calcium 
for eggshell formation (Bloom et al., 1958). Wilson et al. (1998) observed widespread medullary 
bone in hens, which were in the middle of the lay and bone remodeling process during the egg 
laying cycle, resulted in increased bone volume. In our study, in addition to egg production, there 
might be a higher rate of bone remodeling in HB hens compared to the HW because of the 
difference in the eggshell properties, which might have affected bone volume, BV/TV and BMC 
of medullary bone. Furthermore, a negative correlation was observed between total and cortical 
BMD and bone volume with eggshell properties (eggshell percentage and eggshell thickness). 
Previously Silversides et al. (2012) observed the variation due to strains while comparing the 
four strains of laying hens (Lohmann Brown, Lohmann White, H&W White, and a Cross of 
Rhode Island Red and Barred Plymouth Rock hens). In their study, higher total and trabecular 
BMD was observed in the Crossbreed, Lohmann White, and H&N White compared to the 
Lohmann Brown. However, BMC was higher in the Lohmann Brown and Crossbreed compared 
to the white strains, which might be related to the difference in egg production. Similarly, Regmi 
et al. (2016) observed differences in the cortical bone density and thickness among the Barred 
Plymouth Rock, Hy-Line Brown, and Hy-Line Silver Brown. Barred Plymouth Rock had a 
higher cortical thickness and BMD compared to the others but had lower egg production. 
Besides, genetic selection of the hens for more egg production resulted in the reduction of the 
bone properties. Previously, bone properties such as breaking strength, BMD, and cortical area 
were compared between two lines (egg production and bone properties). The higher bone 
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properties were observed for the hens selected for bone properties rather than egg production 
(Bishop et al., 2000; Fleming et al., 2006; Sparke et al., 2002). Although most of the measured 
tibia and femur properties were observed higher in the CF and HW hens, we did not observe any 
signs of lameness or osteoporosis in any of the housing environments or laying hen strains. 
Most of the measured femur bone properties, including bone volume, BMD, BMC, and 
BV/TV, increased with age from 38 to 65 wks of age. A previous study by Hudson et al. (1993) 
did not observe any structural bone remodeling (growth) based on the osteons activity 
(secondary osteons) after the hens get sexually matured. However, cortical as well as trabecular 
bone volume, BV/TV, BMD, and BMC were increased in our study as the hens aged, suggesting 
that the structural bone growth still occurs after the formation of the medullary bone. For the 
medullary bone, bone volume, BV/TV, BMD, and BMC was lowest at 38 wks of age, highest at 
65 wks of age and in-between at 85 wks of age. The decrease in the medullary bone properties at 
an older age might be due to the decrease in egg production (Whitehead, 2004). Similarly, total 
and cortical volume of pores and porosity percentage were lower at 65, and 85 wks of age 
whereas trabecular thickness, pattern factor, connectivity, and degree of anisotropy were higher 
at 65 and 85 wks of age which might be related to the higher tibia breaking strength at those 
ages. 
To conclude, the results of this study provide further pieces of evidence to support that 
the housing environment, as well as laying hen strain, influenced architectural as well as 
mechanical properties of bones. The results further suggest that raising laying hens in the 
alternative housing systems with provision for exercise reduce the structural bone loss, stimulate 
the structural bone formation, and improve the breaking strength of the bones. In addition, there 
might have been some differences in the calcium mobilization from bones for the eggshell 
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formation among HB and HW, and future research might be needed to study this phenomenon. 
Further studies might be needed on crosslinking collagen molecules to further understand the 
difference in the mechanical strength among such house environments and laying hen strains. 
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Table 3.1 Definition and description of the measured parameters for femur microarchitecture 
Abbreviation Variable Description of Variables Standard Unit 
TV Tissue volume Volume of the entire region of interest mm3 
BV Bone Volume Volume of the bone segment mm3 
BV/TV Bone volume fraction 
Bone volume segment volume as a fraction of tissue volume from the  
region of interest % 
BMD Bone mineral density Measure the bone mineral content per unit of volume g/cm3 
BMC Bone mineral content Measure the bone mineral content of the tissue g 
VCP Volume of closed pores Volume of closed pores mm3 
VOP Volume of open pores Volume of open pores mm3 
TVP Total volume of pores Total pore volume (closed pores and open pores) mm3 
PP Porosity percentage the volume of pores (TVP, mm3) / total volume of bone (BV, mm3) % 
Tb.N Trabecular number Average number of trabeculae per unit of length 1/mm 
Tb.Th Trabecular thickness Mean thickness of trabeculae measured using 3-D methods mm 




Table 3.1 (continued) 
Abbreviation Variable Description of Variables Standard Unit 
Tb.Th.SD 
Standard deviation of 
trabecular thickness 
Measure of the homogeneity of trabecular thickness, assessed 
using direct 3D methods mm 
Tb.Pf Trabecular pattern factor indicate the degree of trabecular branching 1/mm 
Conn. Connectivity Redundancy of trabecular connection  
ConnD Connectivity density 
A measure of the degree of connectivity of trabeculae normalized by 
TV 1/mm3 
SMI Structure model index 
An indicator of the structure of trabeculae; SMI will be 0 for parallel 
plates and 3 for cylindrical rods  




Table 3.2  Effect of housing environment and laying hen strain on various tibia bone properties 
Treatments BW BL BD DB DBP TBS AP 
Environment        
CC 9.82b 4.639 0.279 5.58b 57.03b 23.05b 55.64b 
EC 10.00b 4.647 0.282 5.75b 57.72ab 24.97a 55.67b 
CF 10.26a 4.638 0.285 6.02a 58.87a 26.47a 56.47a 
SEM 0.075 0.123 0.002 0.075 0.453 0.554 0.246 
Strain 
HB 11.61a 4.77a 0.302a 6.52a 56.01b 22.81b 55.770 
HW 8.47b 4.52b 0.262b 5.06b 59.74a 26.86a 56.090 
SEM 0.061 0.01 0.001 0.061 0.37 0.452 0.201 
Age of the birds 
38 wk 9.95bc 4.62bc 0.290a 5.43c 54.97d 22.25d 56.04c 
45 wk 9.75c 4.66ab 0.277c 5.36c 55.16d 22.92cd 57.76a 
52 wk 9.79c 4.650ab 0.279c 5.50c 56.31cd 24.81a-d 57.51ab 
59 wk 9.81c 4.630bc 0.279c 5.54c 56.68cd 24.85abc 57.44ab 
65 wk 10.26ab 4.590c 0.286ab 5.94b 58.06bc 25.70ab 56.52bc 
72 wk 10.53a 4.700a 0.283bc 6.19b 59.09b 27.14a 57.03abc 
79 wk 9.95bc 4.650ab 0.280bc 5.93ab 59.79b 24.26cde 53.91d 
85 wk 10.19ab 4.630bc 0.283bc 6.35a 62.54a 26.24ab 51.43e 
SEM 0.132 0.022 0.002 0.111 0.667 0.914 0.442 
Environment × Strain        
CC × HB 11.37 4.776 0.299 6.296 55.270 21.13 55.396 
CC × HW 8.30 4.506 0.259 4.885 58.756 24.84 55.869 
EC × HB 11.59 4.767 0.302 6.521 56.195 22.94 55.756 
EC × HW 8.44 4.533 0.262 4.996 59.209 26.95 55.596 
CF × HB 11.88 4.764 0.305 6.729 56.541 24.23 56.142 
CF × HW 8.65 4.510 0.264 5.293 61.253 28.93 56.811 
SEM 0.106 0.017 0.002 0.106 0.641 0.783 0.347 
Environment × Age of birds        
CC × 38 wk 9.44 4.593 0.286 5.153 54.61 18.617 55.70ef 
CC × 45 wk 9.36 4.608 0.270 5.033 53.93 20.230 56.43c-f 




Table 3.2 (continued 
Treatments  BW BL BD DB DBP TBS AP 
Environment × Age of birds        
CC × 59 wk 9.62 4.610 0.276 5.428 56.66 24.421 57.09a-f 
CC × 65 wk 10.06 4.651 0.283 5.667 56.49 22.625 56.60c-f 
CC × 72 wk 10.67 4.730 0.285 6.198 58.59 26.447 55.50fg 
CC × 79 wk 9.97 4.681 0.280 5.654 56.83 23.519 56.04c-f 
CC × 85 wk 9.82 4.577 0.277 6.351 64.65 26.018 50.72ji 
EC × 38 wk 10.13 4.678 0.292 5.459 54.56 24.028 56.47c-f 
EC × 45 wk 9.66 4.680 0.278 5.266 54.82 23.014 58.90a 
EC × 52 wk 9.80 4.674 0.278 5.688 57.86 26.246 58.47ab 
EC × 59 wk 9.87 4.657 0.279 5.507 56.24 24.914 57.72a-e 
EC × 65 wk 10.04 4.543 0.284 5.742 57.49 26.393 56.21c-f 
EC × 72 wk 10.21 4.681 0.279 5.863 57.74 25.322 57.54a-f 
EC × 79 wk 9.90 4.640 0.280 6.074 61.34 24.163 53.11h 
EC × 85 wk 10.36 4.636 0.287 6.336 61.20 25.474 53.46gh 
CF × 38 wk 10.19 4.5982 0.292 5.623 55.66 23.646 55.87def 
CF × 45 wk 10.22 4.7036 0.283 5.760 56.70 25.517 57.97a-d 
CF × 52 wk 10.01 4.6158 0.280 5.712 57.19 27.080 56.82a-f 
CF × 59 wk 9.95 4.6271 0.281 5.684 57.18 25.247 57.53a-f 
CF × 65 wk 10.68 4.5682 0.291 6.406 60.19 28.092 56.76b-f 
CF × 72 wk 10.70 4.6890 0.286 6.513 60.94 29.638 58.06abc 
CF × 79 wk 9.98 4.6284 0.280 6.054 61.20 25.084 52.57hi 
CF × 85 wk 10.37 4.6748 0.285 6.368 61.77 27.233 50.12j 
SEM 0.229 0.037 0.004 0.193 1.155 1.583 0.765 
Strain × Age of birds        
HB × 38 wk 11.43 4.736 0.314a 6.095 53.266 19.854 55.60cd 
HB × 45 wk 11.38 4.802 0.296cd 6.076 53.329 22.356 58.92a 
HB × 52 wk 11.52 4.778 0.300bcd 6.261 54.313 24.206 57.78ab 
HB × 59 wk 11.26 4.759 0.300ab 6.153 54.575 23.735 57.31abc 
HB × 65 wk 11.82 4.665 0.307ab 6.686 56.483 23.168 56.29bcd 
HB × 72 wk 12.31 4.880 0.304bc 6.983 56.504 24.917 57.75ab 




Table 3.2 (continued) 
Environment  BW BL BD DB DBP TBS AP 
Strain × Age of birds        
HB × 85 wk 11.71 4.752 0.306ab 7.169 61.188 23.069     50.07f 
HW × 38 wk 8.46 4.517 0.268e 4.796 56.578 24.504 56.45bcd 
HW × 45 wk 8.21 4.532 0.259ef 4.674 56.891 23.565 56.66bcd 
HW × 52 wk 8.15 4.519 0.258f 4.730 58.316 25.333 57.23abc 
HW × 59 wk 8.36 4.496 0.256f 4.881 58.914 26.036 57.58ab 
HW × 65 wk 8.70 4.510 0.265ef 5.191 59.629 28.238 56.75bcd 
HW × 72 wk 8.74 4.531 0.262ef 5.400 61.678 29.354 56.32bcd 
HW × 79 wk 8.45 4.517 0.267e 5.214 61.713 27.348 55.10d 
HW × 85 wk 8.66 4.506 0.260ef 5.534 63.900 29.414 52.80e 
SEM 0.187 0.031 0.003 0.157 0.943 1.293    0.624 
P-value        
Housing Environment 0.0011 0.6683 0.0941 0.0014 0.0168 0.0005 0.0449 
Strain <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.2843 
Age of the birds 0.0004 0.0164 0.0006 <0.0001 <0.0001 0.0026 <0.0001 
Environment × Strain 0.7190 0.6655 0.9859 0.8830 0.5256 0.7903 0.4234 
Environment × Age of birds 0.5120 0.1433 0.7541 0.4342 0.0332 0.5546 0.0048 
Strain × Age of birds 0.6519 0.1632 0.0351 0.9473 0.9310 0.3051 0.0005 
Environment × Strain × Age of birds 0.9523 0.9413 0.0003 0.7350 0.5433 0.5348 0.1931 
a-evalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
BW: bone weight; BL: Bone length (inch); BD: Bone diameter (inch); DB: Dried bone; DBP: Dried bone percentage; TBS: Tibia 
breaking strength; AP: Tibia ash percentage  
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Table 3.3 Effect of housing environment and laying hen strain on femur bone properties (Total volume of interest: Part I) 
Treatments BMD BMC TV BV BV/TV BS 
Environment       
CC 0.403 0.216 535.71 181.22 33.67 1284.25 
EC 0.413 0.224 549.03 187.10 34.52 1431.85 
CF 0.416 0.226 554.33 188.72 34.66 1303.71 
SEM 0.015 0.008 7.65 8.1 1.47 48.80 
Strain 
HB 0.392 0.246a 629.10a 206.58a 33.04 1525.62a 
HW 0.428 0.200b 467.04b 165.68b 35.50 1159.90b 
SEM 0.012 0.007 6.24 6.63 1.20 39.84 
Age of the birds 
38 wk 0.350b 0.191b 549.82 163.58b 29.95b 1203.62b 
65 wk 0.442a 0.239a 542.41 199.77a 37.04a 1463.05a 
85 wk 0.439a 0.236a 547.37 193.41a 35.80a 1350.39ab 
SEM 0.012 0.007 6.50 7.34 1.31 54.41 
Environment × Strain       
CC × HB 0.411ab 0.255a 620.77 216.13a 34.89 1537.17 
CC × HW 0.394b 0.177d 450.66 146.32c 32.45 1031.32 
EC × HB 0.393b 0.244ab 625.01 202.95ab 32.80 1600.26 
EC × HW 0.431ab 0.207cd 481.49 173.72bc 36.06 1282.15 
CF × HB 0.374b 0.239abc 640.60 200.79ab 31.51 1448.35 
CF × HW 0.458a 0.214bc 468.07 176.64bc 37.81 1159.07 
SEM 0.021 0.011 10.82 11.49 2.08 69.05 
P-value       
Housing Environment 0.8777 0.7455 0.2026 0.8973 0.9524 0.0632 
Strain 0.1044 <0.0001 <0.0001 <0.0001 0.2667 <0.0001 
Age of the birds <0.0001 <0.0001 0.8979 0.0006 0.0003 0.0033 
Environment × Strain 0.0401 0.0306 0.2795 0.0594 0.0677 0.2411 
Environment × Age of birds 0.3459 0.4538 0.8146 0.2726 0.2779 0.2962 
Strain × Age of birds 0.0372 0.108 0.1571 0.4281 0.3658 0.1858 
Environment × Strain × Age of birds 0.3325 0.5815 0.1081 0.3471 0.1962              0.550 
a-cvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
BMD: Bone mineral density; BMC: Bone mineral content; TV: Tissue volume; BV: Bone volume; BV/TV Bone volume fraction as a 
fraction of tissue volume; BS: Bone surface
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Table 3.4 Effect of housing environment and laying hen strain on femur bone properties (Total volume of interest: Part II) 
Treatments NCP VCP CPP VOP OPP TVP PP 
Environment        
CC 872.97 2.10 1.22 352.39 65.94 354.49 66.33 
EC 963.56 2.02 1.13 359.91 65.11 361.93 65.48 
CF 745.17 1.88 0.99 363.74 65.01 365.62 65.34 
SEM 113.1 0.17 0.10 10.80 1.47 10.85 1.47 
Strain       
HB 963.80 2.42a 1.22 420.10a 66.58 422.52a 66.96 
HW 756.87 1.60b 1.01 299.76b 64.16 301.36b 64.50 
SEM 92.33 0.14 0.08 8.82 1.20 8.86 1.20 
Age of the birds       
38 wk 664.09 2.28a 1.39a 383.96a 69.64a 386.24a 70.05a 
65 wk 930.12 1.58b 0.82c 341.06b 62.67b 342.64b 62.96b 
85 wk 974.03 2.13a 1.13b 351.72b 63.82b 353.85b 64.20b 
SEM 111.83 0.15 0.09 8.92 1.31 8.93 1.31 
Environment × Strain        
CC × HB 1157.82 2.41 1.218 402.23 64.72 404.64 65.11 
CC × HW 588.12 1.80 1.230 302.54 67.15 304.34 67.55 
EC × HB 982.44 2.35 1.202 419.72 66.83 422.07 67.20 
EC × HW 946.78 1.73 1.074 306.74 63.59 308.47 63.94 
CF × HB 764.00 2.48 1.239 437.32 68.10 439.80 68.49 
CF × HW 726.33 1.28 0.748 290.16 61.92 291.44 62.19 
SEM 160.02 0.24 0.140 15.28 2.08 15.35 2.08 
P-value        
Housing Environment 0.3721 0.634 0.2631 0.6338 0.9611 0.6441 0.9524 
Strain 0.0781 0.0004 0.1309 <0.0001 0.2741 <0.0001 0.2667 
Age of the birds 0.0647 0.0042 <0.0001 0.0023 0.0003 0.002 0.0003 
Environment × Strain 0.1143 0.3141 0.1263 0.2028 0.0712 0.1979 0.0677 
Environment × Age of birds 0.6664 0.288 0.1965 0.2415 0.2861 0.2342 0.2779 
Strain × Age of birds 0.9275 0.1988 0.2664 0.1016 0.3631 0.1006 0.3658 
Environment × Strain × Age of birds 0.5003 0.7362 0.7085 0.0473 0.2021 0.0453 0.1962 
a-cvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
NCP: Number of closed pores; VCP: Volume of closed pores; CPP; Closed pore percentage; VOP: Volume of closed pores; OPP: 
Open pore percentage; TVP: Total volume of pores; PP: Porosity percentage
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Table 3.5 Effect of housing environment and laying hen strain on femur bone properties (Cortical bone: Part I) 
Treatments BMD BMC TV BV BV/TV BS 
Environment       
CC 0.954 0.133 139.46 131.12 93.89 770.27 
EC 0.948 0.135 143.22 135.08 94.20 788.23 
CF 0.967 0.141 146.32 138.24 94.64 746.00 
SEM 0.006 0.007 7.634 7.52 0.38 18.58 
Strain 
HB 0.927b 0.145a 156.18a 146.35a 93.57b 851.85a 
HW 0.985a 0.129b 130.44b 123.84b 94.90a 686.80b 
SEM 0.005 0.006 6.232 6.142 0.313 15.16 
Age of the birds 
38 wk 0.916b 0.116b 127.37b 119.21b 93.60b 752.53 
65 wk 0.981a 0.146a 149.72a 142.33a 95.13a 759.93 
85 wk 0.971a 0.146a 151.60a 142.64a 94.03ab 789.48 
SEM 0.007 0.006 6.657 6.435 0.432 19.127 
Environment × Strain       
CC × HB 0.921 0.151 163.63 153.00 93.09 882.19 
CC × HW 0.988 0.114 115.29 109.24 94.69 658.36 
EC × HB 0.934 0.143 152.74 143.48 93.98 815.43 
EC × HW 0.999 0.139 139.90 133.00 95.29 676.57 
CF × HB 0.925 0.140 152.15 142.52 93.62 860.59 
CF × HW 0.968 0.131 135.28 128.46 94.72 723.91 
SEM 0.009 0.010  10.800 10.645 0.543 26.281 
P-value       
Housing Environment 0.0983 0.8083 0.9210 0.9101 0.4323 0.2588 
Strain <0.0001 0.0335 0.0035 0.0078 0.0103 <0.0001 
Age of the birds <0.0001 0.0003 0.0086 0.0065 0.0497 0.3497 
Environment × Strain 0.4357 0.1215 0.1209 0.1387 0.9406 0.1483 
Environment × Age of birds 0.3531 0.4200 0.4880 0.4754 0.8114 0.8109 
Strain × Age of birds 0.2256 0.7011 0.6932 0.7504 0.0609 0.0982 
Environment × Strain × Age of birds 0.9967 0.3361 0.4108 0.4119 0.9628 0.7226 
a-cvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
BMD: Bone mineral density; BMC: Bone mineral content; TV: Tissue volume; BV: Bone volume; BV/TV Bone volume fraction as a 
fraction of tissue volume; BS: Bone surface
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Table 3.6 Effect of housing environment and laying hen strain on femur bone properties (Cortical bone: Part II) 
Treatments NCP VCP CPP VOP OPP TVP PP 
Environment        
CC 664.24 1.375 1.091 6.97 5.084 8.341 6.113 
EC 762.56 1.304 1.015 6.84 4.838 8.144 5.799 
CF 605.33 1.215 0.882 6.87 4.527 8.080 5.364 
SEM 87.040 0.11 0.09 0.57 0.34 0.63 0.38 
Strain       
HB 743.12 1.54a 1.099 8.29a 5.400a 9.830a 6.430a 
HW 611.40 1.06b 0.892 5.54b 4.250b 6.600b 5.096b 
SEM 71.08 0.089 0.07 0.465 0.270 0.512 0.310 
Age of the birds       
38 wk 557.15 1.415a 1.182a 6.74 5.287 8.154 6.400a 
65 wk 686.62 1.041b 0.762b 6.36 4.146 7.396 4.871b 
85 wk 778.19 1.425a 1.035a 7.54 4.990 8.963 5.968ab 
SEM 85.919 0.103 0.079 0.659 0.398 0.707 0.432 
Environment × Strain        
CC × HB 860.29 1.567 1.114 9.06 5.876 10.63 6.915 
CC × HW 468.18 1.182 1.069 4.87 4.291 6.053 5.311 
EC × HB 618.33 1.573 1.110 7.69 4.970 9.261 6.019 
EC × HW 592.33 0.856 0.653 6.04 4.084 6.898 4.708 
CF × HB 759.00 1.478 1.071 8.16 5.369 9.633 6.380 
CF × HW 765.72 1.149 0.964 5.67 4.367 6.821 5.283 
SEM 123.148 0.154 0.125 0.806 0.476 0.888 0.543 
P-value        
Housing Environment 0.4465 0.6200 0.3096 0.9885 0.5396 0.9583 0.4323 
Strain 0.1321 0.0010 0.0908 0.0003 0.0107 0.0002 0.0103 
Age of the birds 0.1516 0.0188 0.0012 0.4673 0.1397 0.3437 0.0497 
Environment × Strain 0.1453 0.3482 0.1628 0.3116 0.8543 0.4549 0.9406 
Environment × Age of birds 0.7767 0.6358 0.7767 0.9571 0.8401 0.9239 0.8114 
Strain × Age of birds 0.9705 0.3309 0.2967 0.1268 0.0608 0.1212 0.0609 
Environment × Strain × Age of birds 0.5764 0.5727 0.2895 0.8703 0.9091 0.9459 0.9628 
a-bvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
NCP: Number of closed pores; VCP: Volume of closed pores; CPP; Closed pore percentage; VOP: Volume of closed pores; OPP: 
Open pore percentage; TVP: Total volume of pores; PP: Porosity percentage
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Table 3.7 Effect of housing environment and laying hen strain on femur bone properties (Medullary bone) 
Treatments BMD BMC TV BV BV/TV BS 
Environment       
CC 0.158 0.054 349.08 12.20 3.86 740.52b 
EC 0.168 0.058 356.47 11.91 3.83 914.24a 
CF 0.148 0.051 357.83 9.53 2.81 797.02ab 
SEM 0.011 0.003 10.338 1.582 0.674 53.760 
Strain  
HB 0.159 0.064a 417.67a 15.20a 4.35a 983.65a 
HW 0.156 0.044b 293.76b 7.32b 2.66b 656.39b 
SEM 0.009 0.003 8.440 1.291 0.550 43.889 
Age of the birds  
38 wk 0.115b 0.043b 374.35a 6.06b 1.60b 663.31b 
65 wk 0.186a 0.063a 342.34b 15.61a 4.81a 1013.95a 
85 wk 0.172a 0.056a 347.31b 11.83ab 4.03ab 775.77b 
SEM 0.011 0.004 7.967 2.053 0.741 65.450 
Environment × Strain       
CC × HB 0.176 0.067 402.96 19.01 5.88 973.78 
CC × HW 0.138 0.040 295.20 5.39 1.85 507.25 
EC × HB 0.137 0.058 431.63 11.49 2.77 916.85 
EC × HW 0.159 0.044 284.03 7.57 2.85 677.19 
CF × HB 0.166 0.067 417.59 15.32 4.49 1069.28 
CF × HW 0.169 0.049 302.15 8.89 3.25 776.43 
SEM 0.016 0.005 14.627 2.238 0.953 76.06 
P-value       
Housing Environment 0.4924 0.3141 0.6774 0.3855 0.3935 0.0598 
Strain 0.5010 <0.0001 <0.0001 0.0001 0.0237 <0.0001 
Age of the birds <0.0001 0.0028 0.0093 0.0048 0.0041 0.0008 
Environment × Strain 0.1098 0.3285 0.2667 0.0857 0.0734 0.2863 
Environment × Age of birds 0.7762 0.9618 0.3838 0.2859 0.1628 0.2103 
Strain × Age of birds 0.0857 0.1889 0.1354 0.1635 0.2314 0.0890 
Environment × Strain × Age of birds 0.6385 0.9960 0.0557 0.4265 0.1634 0.5156 
a-bvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
BMD: Bone mineral density; BMC: Bone mineral content; TV: Tissue volume; BV: Bone volume; BV/TV Bone volume fraction as a 
fraction of tissue volume; BS: bone surface
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Table 3.8 Effect of housing environment and laying hen strain on femur bone properties (Trabecular bone: Part I) 
Treatments BMD BMC BV BS Tb.Th Tb.N 
Environment       
CC 0.760 0.011b 13.97b 352.64b 0.140 7.284ab 
EC 0.751 0.012ab 16.25ab 422.30a 0.138 7.350a 
CF 0.766 0.013a 17.27a 410.30ab 0.146 6.932b 
SEM 0.005 0.001 0.84989 21.80 0.002 0.14 
Strain      
HB 0.753b 0.014a 18.94a 475.32a 0.142 7.180 
HW 0.765a 0.010b 12.89b 318.44b 0.141 7.188 
SEM 0.004 0.001 0.694 17.800 0.002 0.117 
Age of the birds      
38 wk 0.728c 0.011b 14.81 375.55 0.134b 7.544a 
65 wk 0.766b 0.013a 17.25 417.81 0.150a 6.738b 
85 wk 0.782a 0.012b 15.53 392.90 0.140b 7.265a 
SEM 0.005 0.001 0.855 21.224 0.003 0.149 
Environment × Strain       
CC × HB 0.755 0.013 17.33 439.49 0.14 7.326 
CC × HW 0.766 0.008 10.60 265.79 0.14 7.241 
EC × HB 0.750 0.014 19.33 500.87 0.14 7.20 
EC × HW 0.751 0.010 13.51 352.46 0.13 7.48 
CF × HB 0.754 0.015 20.10 486.45 0.14 7.02 
CF × HW 0.778 0.011 14.43 334.14 0.15 6.84 
SEM 0.007 0.001 1.202 30.848 0.003 0.203 
P-value       
Housing Environment 0.0847 0.0255 0.0222 0.0517 0.0624 0.0911 
Strain 0.0404 <0.0001 <0.0001 <0.0001 0.6961 0.9835 
Age of the birds <0.0001 0.0579 0.1514 0.3023 0.0012 0.0113 
Environment × Strain 0.3695 0.8232 0.8942 0.9207 0.3789 0.5051 
Environment × Age of birds 0.1793 0.7282 0.813 0.7886 0.2665 0.4088 
Strain × Age of birds 0.2606 0.7322 0.6793 0.3059 0.2455 0.2194 
Environment × Strain × Age of birds 0.189 0.3331 0.4448 0.8538 0.133 0.0943 
a-cvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
BMD: Bone mineral density; BMC: Bone mineral content; BV: Bone volume; BS: bone surface Tb.Th: Trabecular thickness; Tb.N: 
Trabecular number   
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Table 3.9 Effect of housing environment and laying hen strain on femur bone properties (Trabecular bone: Part II) 
Treatments Tb.Pf SMI DA Conn. ConnD Tb.Th .SD 
Environment       
CC 6.937 1.712 1.763a 791.27 66.33 0.052 
EC 6.725 1.674 1.736a 1001.47 63.72 0.050 
CF 5.586 1.607 1.635b 776.17 45.35 0.050 
SEM 0.579 0.06 0.03 93.25 10.11 0.00 
Strain      
HB 6.305 1.608 1.575b 1106.55a 67.37 0.052 
HW 6.492 1.717 1.840a 612.47b 49.41 0.049 
SEM 0.472 0.051 0.027 76.130 8.251 0.001 
Age of the birds      
38 wk 5.127b 1.421b 1.772a 706.26 48.39 0.047b 
65 wk 7.192a 1.876a 1.612b 977.15 58.60 0.053a 
85 wk 6.854a 1.693a 1.744a 879.42 67.13 0.052a 
SEM 0.603 0.084 0.040 94.337 8.838 0.001 
Environment × Strain       
CC × HB 7.461 1.728 1.636 1102.353 85.85 0.052 
CC × HW 6.412 1.697 1.890 480.176 46.81 0.051 
EC × HB 6.37 1.591 1.576 1261.313 68.669 0.052 
EC × HW 7.04 1.748 1.877 770.500 59.318 0.048 
CF × HB 5.15 1.509 1.516 972.944 48.765 0.052 
CF × HW 6.02 1.705 1.755 579.389 41.941 0.048 
SEM 0.819 0.088 0.047 131.936 14.299 0.002 
P-value       
Housing Environment 0.1618 0.3965 0.0404 0.1583 0.2298 0.6499 
Strain 0.9438 0.2015 <0.0001 <0.0001 0.0932 0.0338 
Age of the birds 0.0213 0.0014 0.0124 0.0617 0.2170 0.0132 
Environment × Strain 0.3454 0.3227 0.7768 0.6795 0.3439 0.7570 
Environment × Age of birds 0.5071 0.9295 0.8491 0.3136 0.4227 0.3383 
Strain × Age of birds 0.6277 0.4148 0.7219 0.2082 0.5664 0.9776 
Environment × Strain × Age of birds 0.1193 0.2598 0.5514 0.2150 0.1241 0.7810 
a-bvalues within columns not sharing the superscripts are significantly different at P ≤ 0.05. 
CC: Conventional cage, EC: Enriched colony cage, CF: Cage-free free-range, HB: Hy-Line Brown, HW: Hy-Line W-36 
Tb.Pf: Trabecular pattern factor; SMI: Structure model index; DA: Degree of anisotropy; Conn.: Trabecular connectivity: ConnD: 
Trabecular connectivity density; Tb.Th.SD: Standard deviation of trabecular thickness 
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Table 3.10 Correlation among total VOI properties (BMD, BMC, and BVP), tibia bone properties (DBP, TBS and AP) and eggshell 
qualities (eggshell percentage and eggshell breaking strength) 
Measured parameters BW BMD BMC BV DBP TBS AP 
BMD 0.021       
BMC 0.525**** 0.752****      
BV -0.031 0.898**** 0.703****     
DBP -0.026 0.458**** 0.239* 0.411****    
TBS -0.172 0.606**** 0.310** 0.607**** 0.461****   
AP -0.066 0.261** 0.090 0.309** -0.207* 0.242*  
SP 0.244* -0.339*** -0.033 -0.251* -0.511**** -0.415**** 0.242* 
ST 0.168 -0.243* -0.027 -0.144 -0.525**** -0.329*** 0.370**** 
EBS 0.253 -0.058 0.151 -0.038 -0.352** -0.081 0.320** 
 *P < 0.05 
**P < 0.01 
***P < 0.001 
****P < 0.0001 
BW: Body weight; BMD: Bone mineral density; BMC: Bone mineral content; BV: Bone volume: DBP: Dried bone percentage; TBS: 
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4.1 Current Findings 
With all the concerns regarding laying hen welfare, consumers are forcing the US egg 
industry to explore alternative housing environments such as cage-free. Before transitioning to 
the alternative systems, positive as well as negative effects of the housing environments should 
be considered with respect to the birds’ production performance and skeletal health. The chapters 
of this study mainly focus on the effect of housing environment (conventional cages (CC), 
enriched colony cages (EC), and cage-free free-range (CF)) on production performance, egg 
quality, cloacal and eggshell microbiology as well as tibia and femur properties using two 
predominant laying hen strain (Hy-Line Brown (HB) and Hy-Line W-36 (HW)). 
The first objective was to determine the effects of housing environments and laying hen 
strains on production performance (Hen day egg production (HDEP), feed intake (FI), feed 
conversion ratio (FCR), and egg quality parameters (internal and external). The results from the 
current study revealed that both housing environment and laying hen strain had effects on 
production performance. Laying hens raised in the CF and CC performed superior compared to 
the EC regarding HDEP and FCR. Overall, HDEP of the HB was higher compared to the HW. 
Results regarding the egg quality, CF performed as well as EC but was slightly lower than CC.  
The second objective of this study was to compare the eggshell and cloacal microbial 
load among laying hen strains and housing environments. Cloacal and eggshell microbial load 
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was greatly influenced by the housing environments but not by the hen strain. The CF housing 
environment had higher cloacal and eggshell microbial loads compared to the CC and EC.  
The third objective was to analyze the effects of housing environments and laying hen 
strain on bone properties of tibias and femurs at different time points of lay. The results indicated 
that hens raised in the CF and EC had improved tibia breaking strength compared to those in the 
CC. Additionally, HW had higher tibia breaking strength than that of HB. Similarly, CF system 
had a positive effect on the architectural structure of the femur bone. The integrity of structural 
bones (cortical and trabecular bone) of the femur was improved in the CF compared to the CC. 
4.2 Recommendation 
The overall findings of this research indicate that the raising laying hens in the CF 
environment can perform similar to that of CC in terms of the HDEP, FI, and FCR. Furthermore, 
CF hens had better skeletal health compared to the CC and EC. It can, therefore, be concluded 
that CF can be used in the United States to improve the laying hen welfare without affecting 
productivity, but egg contamination may become a greater issue. 
4.3 Limitation and Future Research 
This study was conducted in a conventionally ventilated open-sided house, which is not 
commonly utilized in the modern commercial egg industry. Future research might be needed to 
determine the effect of housing environment in a commercial setting. Although HDEP was 
similar in CC and CF, egg quality was slightly lower, and we might need to study management 
practices to improve the egg quality and decrease the microbial load. Likewise, future research is 
needed to determine underlying mechanisms for differences in bone properties of HB and HW 
regarding egg production and eggshell quality. We observed differences in the structural and 
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mechanical properties of the bones in different housing environments. Crosslinking collagen 
molecules play an important role in bone strength, which was beyond the scope of this study; 
therefore, future studies may be required to understand their role and how they are affected by 
housing environments. 
